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TRACE 3-D DOCUMENTATION

ABSTRACT

TRACE 3-D is an interactive beam-dynamics program that caculates the
envelopes of a bunched beam, including linear space-change forces, through a
user-defined transport system. TRACE 3-D provides an immediate graphics
display of the beam envelopes and phase-space elipses, and accommodates
fourteen different types of fitting or beam-matching options. This report
describes the beam-dynamics calculations and gives detailed instruction for using
the code. Several examples are described in detail.

1.0 INTRODUCTION

TRACE 3-D isan interactive program that calcul ates the envelopes of a bunched beam,
including linear space-charge forces, through a user-defined transport system. The transport
system may consist of the following elements. (1) drift, (2) thinlens, (3) quadrupole,

(4) permanent-magnet quadrupole or PMQ, (5) solenoid, (6) doublet, (7) triplet, (8) bending
magnet, (9) edge angle for bending magnet, (10) RF gap, (11) radiofrequency quadrupole or
RFQ cdl, (12) RF cavity, (13) coupled-cavity tank, (14) wiggler, (15) rotation/trandation,
and (16) repeat. Thereis provision for two user-defined elements.

The beam is represented by a 6x6 o-matrix (introduced by the TRANSPORT program?)
defining a hyperellipsoid in six-dimensional phase space (see Appendix A). The projection of
this hyperellipsoid on any two-dimensional planeis an ellipse that defines the boundary of the
beam in that plane. The most useful projection planes are the transverse and longitudinal phase
planes in which the ellipses are characterized by the Courant-Snyder (or Twiss) parameters and
emittances (see Appendix B). Using a sequence of matrix transformations, the beam can be
"followed" between any two elements. The user can change any parameter and observe the
effect on the beam envelopes and on the output-beam ellipses. Also, severa e ement-fitting
and beam-matching options are available that determine values for the beam-€llipse parameters
or for specified transport-system parameters (such as quadrupol e gradients) to meet specified
objectives.

1 K.L.BrownandS. K. Howry, "TRANSPORT/360," Stanford Linear Accelerator Center report 91 (1970).
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An example where TRACE 3-D is extremely useful isthe problem of matching the beam
from the exit of an RFQ into the entrance of adrift-tube linac (DTL). Thismatching isathree-
stage process accomplished easily and quickly by TRACE 3-D asfollows:

1)

2)

3)

Thefirst stagein the processis to determine the matched-beam characteristics at the
output of the RFQ by treating the last two RFQ cells as one period in a periodic-
focusing system. Because of space-charge forces that couple the dynamicsin the
three phase planes, this task involves solving six simultaneous nonlinear equations.

The second stageis to find the correct input beam for the DTL by treating the first
two DTL cells as one period in a periodic-focusing system (one DTL cell consists of
the following sequence of elements. quadrupole, drift, RF gap, drift, and
quadrupole).

Thefinal stageisto design atransport system between the RFQ and DTL that will
transform the matched beam exiting the RFQ into the matched beam required by the
DTL. Quadrupole strengths and drift lengthsin the transport system can be
automatically varied by TRACE 3-D in an effort to find a solution to the matching
problem. A satisfactory solution isfound when a calculated mismatch factor (see
Appendix C) islessthan a specified convergence criterion (default=0.0001).

TRACE 3-D provides an immediate graphics display, including the beam envel opes and
the phase-space ellipses in the transverse and longitudinal dimensions. This feature, aong
with the interactive capability, makes the program alearning aid as well as a useful design tool.

TRACE 3-D isan evolution of earlier two-dimensional versions. The original TRACE2
was written in 1973 and was devel oped for use on the controls computer of LAMPF (now
called LANSCE, the Los Alamos Neutron Science Center accelerator). A modified versiond
was written for the controls computer of the CERN# linac in 1977; in 1979, the CERN version
was adapted to the Pion Generator for Medical Irradiations (PIGMI) controls system at Los
Alamos. Thisversion was expanded extensively and adapted for use on the CDC-7600 and the
CRAY computers at the central computer facility at Los Alamos aswell asfor use onthe VAX
computer and SUN workstations, and is documented in a Los Alamos report.>

The structure of TRACE 3-D, written in Standard FORTRAN 77, allows the code to be
easily modified and expanded. Interaction with the program—now available on most platforms
(PC, Macintosh, VAX, CRAY, HP, SUN)—works principaly in either a Tektronix 4000-

2 K.R. Cranddl, "TRACE: An Interactive Beam-Transport Program," Los Alamos Scientific Laboratory
report LA-5332 (October 1973).

3 K.R. Crandall, "TRACE: An Interactive Beam-Transport Program for Unbunched Beams,” and "Addendum
to Program TRACE," CERN/PS/LIN/Note 77-3, Geneva, Switzerland (February 1977).

4 European Organization for Nuclear Research (laboratory located in Switzerland)

5 K.R. Crandal and D. P. Rusthoi, "Documentation for TRACE: An Interactive Beam-Transport Code," Los
Alamos National Laboratory report LA-10235-M S (January 1985).
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series terminal-emulation mode using the Tektronix Plot-10 Terminal Control System, orina
windows mode with replacement graphics routines that produce postscript and run a postscript
viewer. The program is easily adapted to other graphics software by replacing the plotting
subroutines with calls to any graphics package that draws lines, writes character strings, and
allows a mechanism for interaction. See Appendix L for more information on the graphics
routines.

20 GENERAL DESCRIPTION

The basic assumption of TRACE 3-D isthat al forces are linear or can be linearized. If
the six coordinates of a particle are known at some location s; along atransport system, then at
S, the coordinates can be calculated by a single matrix multiplication. That is,

X(s,) = RX(s))

where X(s) isa6x1 column vector of the coordinates at location s, and R is a 6x6 matrix
whose elements depend on the transport elements between s; and s, and on the size of the
beam (for computing space-charge forces) in thisinterval. The R-matrix is referred to asthe
transfer matrix between locationss; and s,.  Transfer matrices representing particle transport
over long distances are determined by a sequence of matrix multiplications of transfer matrices
representing particle transport over smaller intervals that comprise the total transport distance.

For the space-charge forces to be linear, one must postul ate a beam having a uniform
charge distribution in real space. (The eectric-field componentsinside a uniformly charged
ellipsoid are givenin Section 7.0.) Although redl lifeisrarely so accommodating, it has been
shown that for distributions having ellipsoidal symmetry, the evolution of the rms-beam
envel ope depends almost exclusively on the linearized part of the self-forces.t  Consequently,
for calculational purposes, the "real beam™ may be replaced by an equivalent uniform beam
having identical rms properties (see Appendix D). Thetotal emittance of the equivalent
uniform beam (the beam followed by TRACE 3-D) in each phase planeisfivetimestherms
emittance in that plane, and the displayed beam envelopes are \'5 -times their respective rms
values.” Rea beams have ill-defined boundaries; and in general, one can expect afew percent
(<10%) of the particlesin areal beam to be outside the boundaries displayed by TRACE 3-D.

If the transfer matrix between s; and s, is known, and if the beam matrix at s; is known,
then the beam matrix at s, is calculated by the following equation:

6 F. Sacherer, "RMS Envelope Equation with Space Charge," CEPN/SI/Intemal report 70-12, Geneva,
Switzerland (1970).
7 For TRACE 2-D information, see Appendix K
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0(s;) =Ro(9)R',

where RT denotes the transpose of R. The dynamics calculationsin TRACE 3-D aredone by a
sequence of transformations as specified above. Starting with an initial o-matrix, atransfer
matrix is constructed from the external forces for asmall transport interval and a new o-matrix
iscaculated. The size of the beam is obtained from elements of the o-matrix, and linear space-
charge forces are calculated using the beam size. An R-matrix is constructed for the space-
charge impulse, and anew o-matrix is calculated. This processis repeated until the beam has
been followed through the specified elements.

At the beginning of acalculation, initial phase-space ellipses are displayed at the graphics

terminal. At each step, the beam boundariesin real space are displayed, allowing the user to
visualize how the beam is behaving. At the end, the final phase-space ellipses are displayed.

3.0 COORDINATE SYSTEM AND UNITS

The internal coordinates and their units are

X (mm)

X' (mrad)
y (mm)

X = y  (mrad)
Zz (mm)

42 (mrad)

where X, y, and z are horizontal, vertical, and longitudinal displacements from the center of the
beam bunch (assumed to be on the equilibrium orbit), X' and y' are the relative rates at which
the particle is moving away from the horizontal and vertical axes, and A% isthereative
difference in the particle's longitudinal momentum from the longitudinal momentum of the
center of the beam bunch. For input and output, however, zand A% arereplaced by Apand
AW, the phase and energy displacements in degrees and keV. The relationships between these
longitudina coordinates are

BA
=—""A ,
360 ¢
and
Adp_ vy AW
p y+1w '’

TRACE 3-D Documentation 4



LA-UR-97-886

where B and yare the usua relativistic parameters, A is the free-space wavelength of the RF,
and Wisthe kinetic energy in million electron volts (MeV) at the beam center. Phase and
energy coordinates are more normal coordinates for discussion of input/output parameters of
accelerator-related transport systems than are zand 4%; however, interna calculations are
simplified by using thezand 4%/ coordinates.

The units of the coordinate system define the units of the transfer-matrix elements, which
are either dimensionless, in meters (m), or in inverse meters (mrl):

1 m 1 m 1 m
m-1 1 ml 1 m-l 1
1 m1 m 1 m
mi 1 ml 1 m1 1
1 m1 m 1 m
mi 1 ml 1 1 1

4.0 TRANSPORT SYSTEM ELEMENTS

Each transport element is defined by a"type code" and by five or fewer parameters. The
transport elements are summarized in Table | and the parameters used for each transport
element are defined in Table I1. Unless otherwise specified, al conventions assume a positive
beam, all lengths are in millimeters (mm), all magnetic-field gradients are in teda/meter (T/m)
units, and all angles are in degrees (°). For positive beams, positive magnetic gradients are
focusing in the horizontal plane and defocusing in the vertical plane.

50 DYNAMICS CALCULATIONS

The beam matrix is followed through a sequence of transport elements by creating
transfer matrices for small segments and calculating as follows:

0=Ro,R" .

Thiscalculation is donein several different ways, depending on the type of element.
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TABLEI: TRACE 3-D Transport Elements

Element Type Code* Parameter s**

Drift 1 L

Thln|enS 2 fX1 fy, fZ

Quadrupole 3 B’, |, dxor db, dy, of
PMQ 4 B, I, ri, To

Solenoid 5 B, |

Doublet 6 B I, d

Triplet 7 B lo, d, B, |
Bend 8 a, p, n, Vi

Edge 9 B, p 0, Ki Ko

RF Gap 10 EoTL, ¢ egf, dWF, h
RFQ Cell 11 ViIrg2, AV, L, @, type
RF cavity 12 Eo, L, @

Tank 13 EoT, L, @, nc
Wiggler 14 L, B, g I, s
Rotation & Trandation 15 O, plane, d, dy
Repest 16 n

User 1 17 I

User 2 18 I

*

** The parameters for each element are stored in the A array

Thetype codes are stored in the NT array

TRACE 3-D Documentation




LA-UR-97-886

TABLE IlI:  TRACE 3-D Transport Element Parameter Definitions
Code | Element Parameter | Definition
1 Drift L length (mm)
2 Thinlens fx focal length in x-direction (mm)
fy focal length in y-direction (mm)
f, focal length in z-direction (mm)
3 Quadrupole B’ magnetic-field gradient (T/m)
| effective length (mm)
offset in x or rotation about z, max or limit (mm or deg)
dxordé | offset iny, max or limit (mm)
dy offset flag: 0=no offset, 1=displacement, 2=rotation
of (negative flag generates random numbers)
4 PMQ B’ maximum magnetic-field gradient (T/m)*
| physical length of PMQ (mm)
_ inner radius (mm)
:' outer radius (mm)
[0}
5 Solenoid B magnetic field (Gauss)
| effective length (mm)
6 Doublet B’ magnetic-field gradient (T/m) in upstream quadrupole
| effective length of each quadrupole (mm)
d distance between quadrupoles (mm)
7 Triplet B’ magnetic-field gradient (T/m) in both outer quadrupoles
| © effective length of outer quadrupole (mm)
0 distance between inner and each outer quadrupole (mm)
d magnetic-field gradient (T/m) in inner quadrupole
B’ effective length of inner quadrupole (mm)
I
8 Bend a angle of bend in horizontal plane (deg)
radius of curvature of central trgjectory (mm)
P field-gradient index
n vertical flag (O=horizontal bend)
Vi
9 |[Edge B pole-face rotation angle (deg)
radius of curvature of bend (mm)
P total gap of magnet (mm)
g fringe-field factor (default=0.45)
Ky fringe-field factor (default=2.8)
K>

See Section 6.4 or Appendix E.
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TABLE II:

TRACE 3-D Transport Element Parameter Definitions (Con't)

Code

Element

Parameter

Definition

10

RF Gap

EoTL

effective gap voltage (MV)

phase of RF (deg)

emittance growth flag

energy gain flag (O=no gain, 1=gain)
harmonic (default=1)

11

RFQ Cdl

maximum intervane potentia difference divided by
square of average vane displacement (kV/mmz2)
product of acceleration efficiency and maximum
intervane voltage (kV)

cell length (mm)

phase of RF (deg)*

O=standard cell, no acceleration

1=standard cell with acceleration

2=fringefield, no acceleration

3=fringe field with acceleration

12

RF cavity

average accelerating field (MV/m)
length (mm)
phase of RF (deg)**

13

Tank

effective acceleration gradient (MV/m)
length (mm)

injection/exit phase (deg)

number of identical cavities

14

Wiggler

total length of wiggler element (mm)
magnetic field (Gauss) of the magnets
total gap (mm) of the magnets

length (mm) of each magnet

distance (mm) between magnets

15

Rotation &
Trandation

angle through which coordinate system isrotated in
chosen plane (deg)

1=x-y plane, 2=y-z plane, 3=z-x plane (default=1)
dx for plane=1, dy for plane=2, dx for plane=3

dy for plane=1

16

Repeat

sequence number of element being repeated

17

User 1

total length of user-defined element

18

User 2

total length of user-defined element

*  See Section 6.11
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**  See Section 6.12

5.1 ElementsHaving Zero Length

For elements having zero length, the R-matrix has only three nonzero off-diagonal
elements—the impulses to be applied in the three orthogonal planes. Elements of thistype are
thin lenses, RF gaps, and edge angles on bending magnets.

5.2 ElementsHaving Length, Constant Fields, and No Energy Gain

Each element is divided into an integral number of segments (NS). An R-matrix is
constructed for a half-segment. For each segment, the beam is transformed to the center of the
segment using the R-matrix, a space-charge impulse is applied, and the beam is transformed to
the end of the segment using the R-matrix. Elements of this type are field-free drifts, hard-
edge quadrupoles, bending magnets, and solenoids. Doublets and triplets are composite
elements of drifts and quadrupoles.

5.3 ElementsHaving Length, Varying Fields and/or Energy Change

Again, each element is divided into an integral number of segments. For each segment,
the beam is transformed by a drift-impulse-drift, meaning that the beam is given a drift
transformation to the center of the segment, an impulse that is due to the element and space-
charge, and a drift transformation to the end of the segment. Energy changes and phase shifts,
if any, are also calculated. Elements of this type are permanent-magnet quadrupoles (PMQs),
RFQ cdlls, RF cavities, and tanks. In some elements, it is possible to calculate an emittance
growth. For example, an RF gap will cause transverse and longitudinal emittance growth
because of the phase spread in the beam.

6.0 TRANSFER MATRICES

In thisreport, the 6x6 transfer matrices will be partitioned into nine 2x2 matrices:

RXX ny RXZ
R = Ryx Ryy Ry Z
RZX Rzy RZZ

Most of the elements are usually zero, and only the nonzero elements will be defined.

9 TRACE 3-D Documentation
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The transfer matrices generated for each element, or for each segment of length, 4s, are
defined below. Inthissection, S and yare the usual relativistic parameters. For elements that
involve achange in energy, the subscriptsi and f will denote values before and after the energy
change, and abar over a quantity will denote an average value.

6.1 Drift (L) NT=1"

For adrift length Asin meters, the nonzero elements of the R-matrix are as follows:

Rxx=Ryy= 1 AsS

0O 1

Rz=| 1 agy2
0 1

The )2in the denominator of the 1,2 element of Ry is present because

AV =(Ap/p)!y?

6.2 ThinLens(fx,fy,f) NT=2

Thefocal lengths specified by the thin-lens element are in millimeters (mm); therefore,
the submatrices are as follows:

Rxx = 1 0
-1000 1
Ryy = 1 0
-1000 1
Ry = 1 0
-1000y2 1

fZ

For any focal length that is zero, the corresponding submatrix is the identity matrix.

NT isatype code. See Section 9.1 or Tablel

TRACE 3-D Documentation 10
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6.3 Quadrupole(B',I,dxor d@, dy, of) NT=3

For aquadrupole gradient B', the 2x2 transfer matrices in the focusing and defocusing
planes are as follows:

F = | cos(kAs) %sin(kAs)
—ksin(k4s)  cos(kAs)
and
D= | cosh(kds) %sinh(kAs)
ksinh(k4s)  cosh(kAs)
where
0| g| O°
k=0/2| 0 .
BI85 B

The quantity Bp is called the magnetic rigidity of the particle, defined by

mycBy
q

Bpo=

where g and m are the charge and rest mass of the particle, and cisthe velocity of light. The
dimensions of As and k are meters and meters, respectively. When B'/Bp is positive,

Rxx = F and Ryy = D; when B'/Bp is negative, Ryx = D and Ryy = F. In either case, Rz isthe
same asfor adrift:

Rz=| 1 a2
0 1

The last three parameters of the quadrupole e ement concern misalignment (rotation or
trandation) in the transverse (x-y) plane. If the offset flag is set to zero (of = 0), thereisno
misalignment. If of =1, the misalignment is trandation in the x-y plane with the third and
fourth parameters specifying the offset (in millimeters), dx and dy, respectively. If of=2, the
misalignment is rotation about the z-axis with the third parameter now becoming d6, specifying
the rotation (in degrees). If of isentered as a negative number (-1 or —2), the program
generates random misalignments, considering the specified valuesin the third and fourth
parameters to be maximum limits.

11 TRACE 3-D Documentation
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64 PMQ (B I,ri,ro) NT=4

Thefield of arare-earth cobat (REC) permanent-magnet quadrupole (PMQ) of standard
design is known analytically and has been verified experimentally.® A discussion of thefield
formulaisgivenin Appendix E. Typicaly, PMQs are quite short and have strong pole-tip
fields, resulting in "soft-edge" fringe fields that extend beyond the physical edge of the
guadrupole for a distance two-to-three times the inner quadrupole radius. When calculating the
field gradient within or near aPMQ, the gradients of all PMQsin the vicinity are taken into
account by TRACE 3-D and are used for determining the total superimposed gradient.

Thefield gradient B', in teda per meter (T/m), is determined by dividing the total
integrated field (usually that which is measured—magnetic field gradient times the effective
length) by the physical length of the quadrupole, |. Thisisthe B' input value for TRACE 3-D.
Theinner and outer radii, rj and ro, refer to the dimensions, in millimeters, of the ring of
permanent magnet materia inside the quadrupole and are used to compute the fringe field
function (see Appendix E).

The transfer matrices for the impulsesthat are dueto afield gradient B' acting over the
distance As are asfollows:

Rx = 1 0
-Kas 1
Ryy = 1 0
Kas 1
where k2 is defined as
k2 = E
Bo

and has units of inverse meters squared (Asisin meters).

65 Solenoid (B,1) NT=5

A derivation of the solenoid transformation isdiscussed in A. P. Banford.® In TRACE
3-D, the solenoid is divided into small segments of length, As, and a submatrix constructed for
the entry, central, and exit sections. This construction is legitimate because all the internal (and

8 K. Halbach, "Physical and Optical Properties of REC Magnets," Nucl. Instrum. Meth. 187, 109-117 (1981).
9 A.P. Banford, The Transport of Charged Particle Beams, (E. & F. N. Spon Ltd., London,1966).
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nonexistent) entry and exit sections cancel each other. The solenoid isdivided into small
segments so that space-charge forces can be calculated and applied.

The transfer submatrices are as follows:

Rx=Ry=| c2 IsC

-+ C
Rz= | 1 Ay
0 1
where
=B
2Bp
C =cos(k4s) ,
and
S=sin(k4s) .

The dimensions of As and k are meters (m) and inverse meters (m-1), respectively.

6.6 Doublet (B',1,d) NT=6
In adoublet, the beam is successively transported with matrices aready described for a

guadrupole in Section 6.3 defined by B', |, adrift length d, and another quadrupol e defined by
-B', 1.

6.7 Triplet (B'o,lo,d, B, ) NT=7

In atriplet, the beam is transported with matrices already described in Section 6.3. The
outer quadrupoles are defined by B', and |, , and the inner quadrupole is defined by B'j and ;.
The two drifts between outer and inner quadrupoles have length d.
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6.8 BendingMagnet (a,p,n,vf) NT=8

By definition, a positive bend (denoted by a > 0) bends the particlesto the right in the
horizontal plane (or upwards for a vertical bend), regardless of the sign of the charge on the
particle; a negative a bends particles to the left (or downwards for avertical bend). The
bending radius of the equilibrium orbit is p, and n isthe field index, given by

Lp 0B, U
p B

" _5 OX @zo,yzo ’

where By isthe vertical component of the magnetic field strength. (The sign of p should agree
with thesign of a; if not, the sign of a will take precedence.) The bending radius p isrelated

to By by the following:

o
p="CBY
a8,
The transfer matrix for a horizontal sector magnet is as follows:
R« = Cy kisx
X
kxS Cx
= [ 1 ]
Ryy Cy i
kS Cy
1 1
Rz = |1 -S(kasB-S) /K +As(l-—5) 1y
P Pk

0 1

Rz =| 0 h1-C)/K?
0  hS/k,

Rx = | -hg, /k, —h@-C)/k:
0 0

where
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ke =@-nh*
kK, =V nh?
C, = cos(k,As) ,
S =sin(kAs) ,
C, =cos(kAs) ,
§ =sin(kAs) ;

As=|plAa

also,

is the length of the segment (in meters) along the equilibrium orbit, and ky and k, arein nrl,

Thefinal parameter for the bend isthe vertical flag, vf. If vf=0, thebendisin the
horizontal plane. If vf£0, the bend isin the vertical plane. A positive bend (a>0) bendsthe
beam upward in the vertical plane as previoudly stated.

6.9 Edge Angle on Bending Magnet (8, p, g, K1, Ky) NT=9

An edge angle istreated as athin lens, with the transfer matrices as follows:

R = 1 0
1000
—_— 1
’ tanf
Ry = 1 0
100 sw 1

where pisthe radius of curvature (in mm), and the fringe-field correction angle @ is defined
ble

_ . gQ+sn’BD Cg_ O
W=K,= -K;K an .
ol eosp H I
Whether or not an edge angleis focusing or defocusing depends not only on the angle 3,
but also on the sign of p, so cautionisadvised. The correction angle is aso dependent on

10 K. L.Brown, "A First- and Second-Order Matrix Theory for the Design of Beam Transport Systems and
Charged Particle Spectrometers,” Stanford Linear Accelerator Center report 75 (1969)
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thesignsof Band p. If Ky iszero, the default value of 0.45 isused for Ky; if Ky, is zero, its
default valueis 2.8. Note that fringe-field calculations are contained in this element; therefore,
to include fringe-field calculations for a bending magnet (even with zero edge angle), this
element must be present on both sides of the magnet. In the case of avertical bend, the gap, g,
should be entered as a negative number.

6.10 RF Gap (EoTL , ¢, egf , dWf , h) NT=10

In aradiofrequency or RF gap, asin RFQ cells, coupled-cavity cells, and coupled-cavity
tanks, the energy of the beam will normally change. (Note that there are situations when one
does not want to consider acceleration but only the focusing and defocusing propertiesin the
gap; e.g., when computing the matched input in a periodic system.) When the beam energy is
changed, the transverse emittances will change. In thissituation, it is convenient to construct
the transfer matrix in three separate stages.

1. A transformation that changestheinitia x, y', and 4% to (BYx (BY)y, and A(BY),,
by multiplying by theinitial value of (3}),, the longitudinal component of the
normalized momentum.

2. Animpulse transformation that calculates the changesin (B8))x, (BY)y, and A(BY)-.

3. A transformation back to the x', y', and 4% by dividing by (B))s, the final value of
the longitudinal momentum.

For an initial kinetic energy, W, the normalized momentum is

(By) =y’ -1.
v =1+W /E,

where

with E; being the rest energy of the particle. If dWr z0 (energy gain flag “on”), the energy
changeinthe gap isgiven by
AW =|q|E,TLcos g, [AWF .

Therefore, thefinal energy is
W, =W, + AW ;
also,
ye =1+ Wi /K

(BY); = \vi-1.

and
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The changes in the normalized momentum components caused by the gap impulse are

KX = _nh|q||2£3-|2-E§n¢sx
meB y A
—-nhigE,TLsing,
Ky = |q||2532—2 ¢ y
mec“ By A
7= 27HAETLSINg,
m,c?B A

where the bars denote quantities calculated at the average energy

W=W +4AW/2 ,

and where h isthe field harmonic (usually h=1). Thefield harmonicisused if the RF gap is
operated at h times the basic frequency specified by the user. Thetotal transfer matrix for al
three stagesisasfollows:

R«= |1 O 1 of|l1 o
O Byt || &% 1]| 0 (8y)

k/(By);  (By),/(By);

After computing this R-matrix and using it to calculate the new o-matrix, if the emittance-
growth flag (egf) is nonzero, the elements of the new o-matrix are adjusted, as described in
Appendix F, to account for emittance growth in the gap.
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6.11 RFQ Cell (V/rg2, AV, L, @,type) NT=11

In an RFQ, asin a coupled-cavity cell, the RF phase changes continually as the beam
moves through the element. This statement is aso true of the beam energy (unless "no
acceleration” is specified by type=0 or 2). When the beam arrives at the end of the element,
the RF phase will depend on the length of the element, and on the dynamics as the beam passes
through the element. When one has a sequence of RFQ cells, or coupled-cavity cells, the
phase shift between adjacent cellsis 180°. Therefore, it is more practical to have the parameter
@ indicate a phase shift rather than an absolute phase. In a sequence of RFQ cells, al of the @
parameters will be—180° except for the first cell. Before starting the dynamics calculation,
TRACE 3-D setsthe phase parameter gto zero. When the beam arrives at the first RFQ cell, ¢
gets changed to @+ @. For thefirst RFQ cell, @ should be the synchronous phase for that
cell (for example, —30°).

The beam matrix is followed through the element by a sequence of drift-impul se-drift
transformations. The element is divided into 18 equal-length segments (if type=0 or 1) or into
36L/PA segments (if type=2 or 3). Each of these segmentsis divided into half lengths of
AsS/2. 1n each A9/2 drift, the phase isincremented by

(p: (p+2_r[A_S
pAr 2

where = vic and A is the free-space wavelength of the RF. If an energy changeis permitted
(when type=1 or 3), the longitudinal electric field is calculated, and the new energy is

W, =W, +[qE s |
and the average energy is
W= (W +W)/2 .
The transverse and longitudinal focusing or defocusing forces of the RFQ, and the

space-charge defocusing forces, are calculated and applied at the center of the segment. The
beam is then drifted for another As/2, and this process is continued throughout the element.

In astandard RFQ cell (specified by type=0 or 1), the linearized electric field
components are

V  k?AV
-
)

EX:%— coskZExsinqo
O O
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k2AV

cosk{ g/sin [
O

B = g-
E, :@sinstinqo

where k= 7L and  isthelocal longitudinal coordinate within the cell, defined to be zero at the
beginning (upstream end) of the cell. For each drift of length As/2, { isincreased by As/2. As
written, the expressions for E, and Ey assume that the horizontal vanes (x-z plane) are closer to
the axis at the beginning of the cell. Positive values of the V/rg2 parameter indicate this
Situation; negative values indicate that the vertical vanes are closer to the axis at the beginning
of the cell. Thesign of V/rg2 must alternate in successive RFQ cells.1t

The changesin x' and y' that are caused by the RFQ fields, acting over the distance 4s,
areasfollows:
Adqsing0 VKAV

A(X T
()= mcByore 4

oskZ B(
Aqq|sm 1, D\/ _K*AV

Aly
)= mc2B’y

——CO0S kZ D’

where 8 and y arerelativistic parameters corresponding to W.

The changein 4% caused by aparticle arriving a a particular { when the RF phaseis
p+A@rather than @is

ApPPE__4sd 08 ,,
PO mc 26%y 09

Equating the phase displacement Agto the longitudinal displacement z,

Ap= o

the changein 40/ is

CApO_ Asr1|q|kAVsme CosQ
P m,C 2By

A

11 Notethat for simulating PARMTEQ cells, odd PARMTEQ cells have V/ry? positive, and even cells have
V/rg? negative.
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When typeis 2 or 3, the element isthe exit fringe-field region of an RFQ linac. When
the specified length L is 23A or longer, this element would be called an exit radial-matching
section because the transverse phase-space ellipses would be very similar at the end of the
element. Lengths shorter than BA/2 would be used for controlling the energy change in the
fringe-field region.

The dectric fields are obtained from the potential function:

v O O
U(r,0,¢)=—0ATy(r,0) + > T,(r,{)cos20LEing |
2 (ko)
where
To(r.2) =§éo(kfr)cos(kfz) +%|O(3kfr)cos(3kfz)5 |
T,(r.2) =%§2(kfr)cos(kfz)+2—17|2(3kfr)cos(3kfz)§ |
and
ke =~
oL

The modified Bessal functions g and I, are replaced by their series expansion, dropping
al termsin r higher than r2:

2

Io(kfr) :1+(kfr)2/4 :1+k7I(x2 + y2) :

Iz(kfr):(kfr)2/8 :
Then, using the identity
r’cos20=x2-y?* ,

the potential function can be rewritten in Cartesian coordinates, and the electric field
components calculated by

E=-0U
Theresults are
0 v k2AV 0
E =0 —>G({)-——Cl)xsing
0 fo 4 0
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k2AV O
E,=256(0) -~ () ysing |
o 4 0
and
k AV
o H)sing
where
G (<) :g%osku +%cos3kfzg
C(<) :g(coskfz+3cos3kfz) ,
and

3/ :
q¢)= Z(smkfz +sin3k ) .
The impulse coefficients for the RFQ fields are as follows:

Kk, =

X

0 k?AV
AS|q|S|ng0D_ Vv CL(Z)‘ f

mc?B y O To 4 &9)

OO

KZAV
= 200 ) -7

Oy B2 G

OO

_ Asrigk AVS(Z )cose
L mdBER

6.12 RF Cavity (Eo,L, @) NT=12

The main purpose of thiselement isfor calculating the motion of arelatively low-velocity
electron beam through a coupled-cavity cell. An example of such an element isthe side-
coupled cavity, often used for electron linacs. When alow-velocity electron enters such a
cavity, its velocity can change significantly in one cell. In this case, approximations of
constant velocity are not appropriate, and the motion must be obtained by integration through
the electromagnetic field in the cavity.

For this purpose, the cell is divided into 18 equal-length segments, As=L/18. In each
segment, the beam is given adrift-impulse-drift transformation. Theimpulseis calculated at
the middle of the segment using the values of the E,, E;, and By field components, the beam
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energy, and the RF phase. The impulse from the space-charge force is aso calculated and
applied at the middle of each segment.

The electromagnetic-field components depend on the geometry of the cavity and on Eg,
the average on-axis accelerating field. SUPERFISH?2 runs have been made for several types
of cavitiesand at various cell lengthsfor each type. The results are scalable with frequency;
therefore, each run at a particular cell length is associated with avaue of S=2L/A, an implicit
assumption for the cell length. For example, SUPERFISH runs were made for the side-
coupled cavity geometry used by the racetrack microtron designed by Los Alamos for the
Nationa Bureau of Standards. Electric-field information was calculated for cavity lengths
having values of 3from 0.55to 1.0 in steps of 0.05. For each value of S, the fields near the
axis were Fourier-analyzed and the first 14 nonzero coefficients were calculated. A table of
these coefficients versus Bis stored in a TRACE 3-D subroutine, GENFC. Then, for any
given cavity length and frequency, avalueis determined for 3 based on L=A/2. The Fourier
coefficientsfor this 3 are obtained by alinear interpolation in the table, and the field
components are reconstructed from the Fourier coefficients and scaled by Ep. For details on
calculating the electromagnetic-field components in a cavity, and on calculating the linear
impulse coefficients, see Appendix G.

6.13 Tank (EoT,L, @,nc) NT=13

A coupled-cavity tank consists of n. identical cavitiesL/n; long. The quantity EqT isthe
constant effective accelerating field, and ¢y is the entrance and exit phase. Note that ¢y# @
where ¢ isthe average phase. Although most of the acceleration takes place in the central
portion of each cell, one can think of the rate of energy change as being constant:

dw
—= Tcose .
4 ~[GEoT cose

In the tank element, each cavity isdivided in two halves. Inthefirst half of a cavity, the
electromagnetic fields are usualy radially focusing; and in the second half, they are usually
radially defocusing. For a synchronous phase near zero, these two effects essentially cancel
each other when ions are accel erated, but electrons can have a net inward motion. At each
cavity in atank, the beam is drifted to the middle of the first half of the cavity, given an impulse
based on field quantities averaged over thefirst half of the cavity and on the space-charge
forces, and then drifted to the center of the cavity. This procedureis repeated for the second

12 K. Halbach and R. F. Holsinger, "SUPERFISH - A Computer Program for Evaluation of RF-Cavities with
Cylindrical Symmetry," Part. Accel. 7, 213-222 (1976).
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half of the cavity and for all cavitiesin thetank. The detailsfor calculating the impulse
coefficients are given in Appendix H.

6.14 Wiggler (L,B,qg,l,s) NT=14

This element smulates awiggler and is comprised of a series of alternate bends and
drifts. The overal length of the wiggler is given by the first parameter, L (in mm). The
second parameter, B, denotes the strength of each of the bending magnets (in Gauss). The
remaining parameters specify the geometry, including the total gap in the dipole bending
magnets, g (mm), the length of the bending magnets, | (mm), and the distance between each
bend, s (mm). The bending is done only in the horizontal plane, with the first or odd-
numbered bends defined as positive (even-numbered bends in the series are negative). There
must be an integer number of periodsin the wiggler, one period equaling a sequence of bend-
drift-bend-drift. Bend edge-angles are included at half the bend angle, assigning K1 a value of
0.255 and K, the default value of 2.8.

6.15 Rotation & Trandation (@ ,plane, d;,dy) NT=15

This element alows the user to select aplane, (viz., X-y, Y-z, z-x), specifying rotation
about the axis normal to that plane (roll, pitch, yaw) and/or trandation in that plane (note:
trandation is not availablein the z-plane). The coordinatesin the selected plane may be rotated
through an angle © (deg) about the axis normal to that plane. Thus arotated element (such asa
bending magnet, quadrupole, doublet, or triplet) may be inserted into atransport system by
preceding and following the element with the appropriate coordinate rotation. If no planeis
entered, the program defaults on the x-y plane. A positive angle rotates the beam clockwise
(looking at the x-y plane from the positive z direction), ssimulating a counterclockwise rotation
of the eementsthat follow it. Therotation in the x-y plane is accomplished by the transfer
matrix

ooognoo
colhoo o
coonpowm
oOor oOoOooo
RO OOoOOoOo

oo owm o

where C and Sdenote cos© and sin©, respectively.
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6.16 Repeat (n) NT=16

This element givesthe user an easy way to duplicate any element defined in the transport
system. Theonly parameter required is the sequence number of the element with whichitis
identical. For example, if there are several quadrupolesin the system that all have the same
characteristics, only one needs to be specifically defined by atype code and parameter set; the
rest can be included using the repeat element. When any parameter in the defined quadrupoleis
modified, al quadrupoles defined by the repeat element are likewise modified. The sequence
number defining the repeat element must not be the sequence number of another repeat element.

6.17 User 1(I) NT=17, User 2 (1) NT=18

These two elements give provision to the user to define specia e ementsin the transport
system, the length of which should be the first parameter. Code subroutines USER1 and
USER2 may be modified appropriately to create the user-defined elements. To increase the
number of parameters (up to amaximum of five), an adjustment must be made in the 17th and
18t positions of DATA NPAR in BLOCK DATA INIT1 of the code.

7.0 SPACE-CHARGE IMPULSES

Approximate expressions for the electric field components that are due to a uniformly
charged elipsoid, as given by Lapostollel3 are as follows:

e 130 (1-1)
4mg, cy? rx(rx+ry)rZ '
g -1 3 (1-1)
Arg, cy? ry(rx+ry)rZ ’
1 3IA f
EZ_

4ng, C N

wherer,, ry, and r, are the semiaxes of the ellipsoid, | isthe average electrical current
(assuming that a bunch occursin every period of the RF), A is the free-space wavelength of the
RF, cisthe velocity of light, and & is the permittivity of free space. Theform factor fisa
functionof p= yrz/\/ﬁ. Vauesfor f aregivenin Table |l for specific values of p and 1/p.

TABLE I1l: Space-Charge Form Factor

13 p. M. Lapostolle, CERN report AR/Int. SG/65-15, Geneva, Switzerland (July 1965).
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The change in the normalized momentum components caused by applying the space-
charge force during the timeinterval required for the beam to move adistance Asis

where u represents x, y, or z.

A(By),

- aE4s

myc’B

The above formulationis valid only for elipsoids that are upright with respect to the local
coordinate system. When the beam passes through a solenoid or a bending magnet, it is
possible for the ellipsoid to become tilted with respect to the local coordinate system. In this
case, the beam dllipsoid must first be transformed to a coordinate system in which it is upright
before calculating and applying the space-charge impulses. The dlipsoid is then transformed

back to the local coordinate system.

A tilted ellipsoid isindicated if the o-matrix elements, 013, 035, Or 051, are nonzero. |If
o1z isnonzero, the elipsoid istilted in the x-y plane. The angle between the x-axis and the axis
of the dliptical projection on the x-y planeis asfollows:

1

@ ==tan™
2

25

204,

O33 ~ 0y
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The dlipsoid can be brought upright with respect to the x-y plane by arotation of —©,
accomplished by applying the following transfer matrix:

c 0-s 0 O O
0O ¢c 0 s 0 O
s 0 c 0 0 O
0O s 0 c 0 O
0O 0 0 0 1 O
0O 0 0 0 0 1

where C and Sdenote cos@ and sin@. The rotated ellipsoid can be checked to seeif it is
upright with respect to the y-z plane. If not, it can be rotated by a smilar transfer matrix. It
can be rotated athird time, if necessary, to make it upright with respect to the z-x plane.

When the beam isin the upright position, the space-charge impul ses can be calcul ated
and applied, and the three rotations given in the reverse directions in the reverse order.

Before the initial rotations are made, the ellipsoid is expanded in the z-direction by
applying atransfer matrix that isequal to the identity matrix, except that the 5,5 element isthe
relativistic parameter y and the 6,6 element is 1/y. Also, a y isremoved from the denominator
of the transverse impulses, and a y is added to the denominator of the longitudinal impul se.
After applying the inverse rotation, the ellipsoid is contracted by the inverse of the perturbed
identity matrix discussed above.

8.0 USER INSTRUCTIONS

TRACE 3-D initidly prompts for the name of an input file. If there is no datafile with
which to begin, a carriage return provides afew "dummy" values, allowing the user to enter
the program to build adatafile. If supplied with the name of an existing file, thefile is read by
asingle READ statement, using the NAMELIST feature of FORTRAN. Thisfeatureis
extremely useful because it allows one to enter afew or al of the parameters defined in the
NAMELIST statement. After thefileisread, identifying code information is displayed to the
screen, and either the terminal is put into a graphics mode or a graphics window will appear
with the cursor crosshairs. In this mode, TRACE 3-D waits for a single-character command to
be issued from the keyboard. Following issuance of a command and the code's subsequent
performance of the requested action, TRACE 3-D again displays the cursor crosshairs,
indicating that it is once again in the wait-for-command mode. The commands recognized by
TRACE 3-D aregivenin Table IV below, and are discussed in more detail in Section 10.0.
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TABLE IV: Commands Recognized By TRACE 3-D

Character | Command Description of Action

A ADD Add eementsin beamline

B BEAM Print beams, and beamsin holding arrays

C CONVERT Convert input/output beams to PARMILA units

D DELETE Delete e ements from beamline

E END Exit program

F PHASE Calculate and print phase advance

G GO/ GRAPH Graph background and trace beam profile

H HELP Display help package (input, commands, matching types)

I INPUT Enter new values

J PROJECTIONS | Plot initial / final projections on x-y, x-z, x- A% planes
K PERIODIC Generate periodic system with RFQ or DTL cells

L ELLIPSE Find emittance ellipses from three profile measurements
M MATCH Perform matching as specified by MT parameter

N MATCH Perform matching (same as "M") with no iteration printout *
O MISMATCH Calculate and print mismatch factors

P PRINT Display datafile to screen

Q QUERY Display specific element information

R R-MATRIX Display R-matrix from latest run

S SAVE Save datafile

T TRACE Trace beam profile on existing graphics background
U USER Search / set match parameter ranges (MT=7, 8, 9)

Vv VARIABLES Display values of matching variables*
\W d-W Display phase and energy information

X EXCHANGE Exchange beam values and beam holding arrays

Y NOTE Write note on graphic screen

z o-MATRIX Display modified sigma matrix

! UNMATCH Restore pre-match values
@ APERTURE Open/ close profile / aperture datefile

# NEWFILE Read in anew datefile

& COMMENT Display file comment

* CENTROID Display beam-centroid coordinates

? MINI-HELP Display element parameter information

* Useful on certain platforms
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9.0 INPUT VARIABLES

The TRACE 3-D input variables are grouped into the following categories discussed in
thissection: transport system variables, beam characteristics, control parameters, matching
parameters, graphics scales, print parameters, and other parameters. In describing each of the
variables, their code-internal names will appear in capital letters. If thevariableisa
dimensioned array, the dimensions as they appear in aDIMENSION or COMMON statement
are enclosed in parenthesis. Valuesfor variables are entered in NAMELIST fashion where
variables are set equal to avalue, and multiple entries are separated by commas. For example,
to enter the rest energy, ER, and kinetic energy, W, of the beam, one would access the Input
Mode with the command "I" and type the following:

ER=938. 2796, W-100

9.1 Transport System
[NT(NELMAX), A(5NELMAX), FREQ, PQEXT, ICHROM]

The elements of atransport system are defined in sequential order by a"type code" in the
NT array (types 1-18) and by the associated parameters (<5) stored inthe A array. The NT
and A arrays were defined earlier in Section 4.0, Tables| and 1. The maximum number of
elements, NELMAX, isdefined in the FORTRAN program by a PARAMETER statement.
FREQ isthe frequency of the RF in MHz; and even if no RF elements appear in the transport
system, an entry for FREQ is necessary to define the length of the beam bunch expressed in
degrees. The variable PQEXT defines the extension of the fringe field of permanent-magnet
guadrupoles (PMQs). These fields extend from each edge of a PMQ a distance of PQEXT
times the inner radius r; of the magnetic material inside the PMQ. In such regions, transport
calculationsinclude the effects of PMQ fringe fields. Thelast variable, ICHROM, isaflag to
specify that chromatic aberrations are to be taken into account (if nonzero) when the beam
passes through athin lens. Chromatic aberrations cause an effective emittance growth, so the
o-matrix is modified as described in Appendix 1.

9.2 Beam Characteristics
[ER, Q, W, XI, BEAMI(6), BEAMCI(6), EMITI(3), SIGI(6,6)]

Therest energy of the beam particlesis specified by ER, and their kinetic energy by W
(unitsin MeV); Q isthe charge state (+1 for protons), and X1 is the beam current inmA. The
initia ellipse parameters are in the BEAMI array in the order ay, pBx, ay, By, agy By Theseare
the Courant-Snyder, or Twiss, parameters for the initial phase-space ellipses in the three phase
planes. The aphas are dimensionless, B, and B, are in meters/rad (or mm/mrad), and B,isin
deg/keV. These are the same units used for al beam arrays. BEAMCI(6) isfor entering an
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initial beam centroid offset. Theinitia emittancesin the x-x', y-y', and Ag-AW phase planes are
inthe EMITI array. The unitsare in tmm-mrad in the x-x' and y-y' phase-space planes, and in
Tdeg-keV in longitudinal phase-space plane. When space-charge forces are included (i.e., XI
#0), these emittances should be five times the rms emittances. SIGI isa6x6 array containing
theinitia o-matrix. The elements of the SIGI array areinternal, but can be used as input
guantities (see parameter IBSin Section 9.3).

9.3 Control Parameters
[N1, N2, SMAX, PQSMAX, IBS, NP1, NP2, NEL1, NEL 2]

N1 and N2 are the beginning and ending sequence numbers of the transport elements
through which the beam is followed. When the beam is followed in the forward direction
(normally the case), the beam starts at the upstream end of element N1 and is followed to the
downstream end of element N2. If N1>N2, the beam starts at the downstream end of element
N1 and isfollowed upstream (in reverse) to the upstream end of element N2. A negative value
in element N2 tells the program to follow the beam backward through element N1 only.
SMAX isthe maximum step size (in mm) for the dynamics calculations in most of the
elements; however, near PMQs, the maximum step size is PQSMAX (mm), usually asmaller
value than SMAX. The program's "dummy file" has default values of 5 mm for SMAX and
2.5 mm for PQSMAX. In some elements, the step sizeis set automatically. For example,
each RFQ cell and coupled-cavity is divided into 18 segments, and each cavity in atank is
divided into two parts.

Theflag, IBS, is used to indicate how the initial o-matrix is generated. If IBS=0 (the
normal case), the elements of the initial o-matrix are calculated from the BEAMI and EMITI
arrays. I1f IBS=1, theinitial o-matrix is assumed to be in the SIGI array.

NP1 and NP2 are sequence numbers of the first and last transport elements plotted on the
beam-profile plot (defaults are 1 and NELMAX), while NEL 1 and NEL 2 are the el ement
numbers where the beam phase-space ellipses are plotted (defaults are N1 and N2).

9.4 Matching Parameters
[MT, NC, MP(2,6), MPE(6), MPP(6), MVC(3,6), CMV(6), BEAMF(6),
DELTA, 1IM(2,6), VAL(6), NIT, IPLANE(3)]

MT specifies the type of beam-matching or transport-fitting desired. Types 14 specify
that matched beam-€llipse parameters are to be found for a periodic system. Types 5-14
(except MT =13) indicate that values are to be found for specified element parameters, called
matching variables, that cause the beam-ellipse parameters, R-matrix or modified a-matrix
elementsto satisfy specified conditions at the end of element N2 (for MT =13, BEAMI dlipse
parameters are varied). Descriptions of the matching-type codes, MT, aregivenin Table V.
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TABLE V: Types Of Matching In TRACE 3-D
Match
Type Desired Values at N2 How Specified
(MT)
1 Matched beam, X, Y planes
2 Matched beam, Z plane Enter Match Type Only
3 Matched beam, X, Y, Z planes (BEAMI is varied)
(upright)
4 Matched beam, X, Y, Z planes
Desired Beam Vary Elements
5 Fitting in X plane BEAMF (1-2) = ax, Bx [ MPE(1)=element #
MPP(1)=parameter #
6 |FittinginY plane BEAMF (1-2) = ay, By | MPE(2)=element #
MPP(2)=parameter #
7 Fitting in Z plane BEAMF (1-2) = az, 3z | MPE(3)=element #
MPP(3)=parameter #
8 | Fittingin X, Y planes BEAMF (1-4) = MPE(4)=element #
ax, Bx, ay, By MPP(4)=parameter #
9 |FittinginX, Y, Z planes BEAMF (1-6) = MPE(5)=element #
ax, Bx, ay, By, az, Bz MPP(5)=parameter #
10 | Fitting for R-matrix elements IJM (2,6) = indices of | MPE(6)=€element #
R- or o-Matrix elements [ MPP(6)=parameter #
11 | Fitting for o-matrix elements VAL (6) = _ (MPP defaults on 1)
corresponding desired | No. of conditions, NC,
values of matrix No. of variables, NV,
elements
12 | Fitting for round beam -NA-- set automatically
except MT=10,
11,14
13 [ Fittingin X, Y, Z planes BEAMF (1-6) = ---NA---~
ax, Bx, ay, By, az, Bz (BEAMI is varied)
14 | Fitting for specified phase advances Enter IPLANE (1-3), [ Declare elements to

in specified phase planes

VAL (1-3), and No. of
phase planes in NC (<3),

vary asin MT=5-12
above

NC isthe number of conditionsto be satisfied by the matching procedure and is

automatically set by the program for matching types 1-9, 12-13. The user must specify a
value for NC (<6) for matching types 10-11, and avalue for NC (<3) for matching type 14.
The MP array contains the parameter and element numbers of the variables for matching types
5-12 and 14. MP(1,n) contains the parameter number (1-5) and MP(2,n) contains the element
number (1 to NELMAX) for the nth matching variable. Ideally, the number of variables, NV,
should equal the number of conditions, NC. When either MP(1,n) or MP(2,n) is not within
the legitimate range (NV <NC), avariableis not properly defined and isignored. Matching is
attempted even though NV <NC. The matching variables may be specified by entering the
parameter and element numbersin the 2x6 MP array, or alternately (and usually more easily),
by entering valuesin the one-dimensiona arrays MPE(6) for element numbers and MPP(6) for
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corresponding parameter numbers (whose default=1 if no entry ismade). For example, if we
have four quadrupoles whose e ement numbers are 12, 16, 20, and 24, to specify these
elements as matching variables whose first parameters, the quad strengths, will vary (usually
the case), one may enter the following in the Input Mode:

MP=1, 12, 1, 16, 1, 20, 1, 24

or dternately, achieving the same result, one may enter:

MPE=12, 14, 16, 22

Itispossibleto "couple" one transport element parameter to each variable parameter. For
example, two drifts may be coupled so that when one isincreased the other is decreased by the
same amount, keeping the total distance constant; or two drifts may be coupled so that they are
both changed by the same amount to maintain symmetry. Quadrupole gradients may be
coupled so that when one changes, the other changes by the same amount. The indices of the
coupled parameters, and k, the type of coupling, are specified inthe MVC array. MV C(1,n)
and MV C(2,n) contain i and |, the parameter and element number, respectively, of the transport
parameter A(i,j) that is coupled to the nth matching variable. MV C(3,n) containsk, either +1 or
—1. If the coupled variables are drifts, k= —1 keeps the sum of the two drifts constant, and
k=+1 changes both drifts by the same amount. The variablesto be coupled to the matching
variables may be specified by entering the parameter, e ement, and k-value numbersin the 3x6
MV C array, or aternatively (and again somewhat easier) by utilizing the one-dimensiona
"Couple Matching Variable" character array, CMV(6). For example, if we want to couple two
additional quadrupoles, beamline elements 2 and 32, to the first and last matching variables
given in the example above (elements 12 and 22), coupling the first one directly and the second
one inversely, we would enter the following in the Input Mode:

MVC(1,1)=1,2,1, MWC(1,4)=1,32, -1

or dternately, achieving the same result, one may enter the following into the Couple Matching
Variable character array:

CW(1)="A(1,2)', CW(4)="-A(1,32)"

The BEAMF array contains the values desired for some or all of the ellipse parameters
ax, Bx, ay, By, Ay and By at the end of element N2 for MT=1-9. For MT=1-4, the values
in BEAMF are entered automatically (BEAMI values) by the program; for MT =5 -9 and
MT =13, the valuesin BEAMF are set by the user. For matching types 10 and 11, the |IIM
and VAL arraysareused. Theindicesfor the R-matrix el ements or the modified o-matrix
elementsfor MT=10 or MT=11 arein the |IIM array, and the desired values for these
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elementsareinthe VAL array. 1IM (1,n) contains the i-index (row), IIM (2,n) containsthe j-
index (column), and VAL (n) contains the desired value for either Rjj or ajj for the nth
condition, wheren < NC. For example, if we want a point-to-point focus with a magnification
of —1 (transverse planes), we would want R-matrix elements with values as follows:

R12=0, R34 =0,Ry;1 =-1, Rzz=-1
To achieve this, we would enter the following in the Input Mode:

Mr=10, 1JM1, 2,3,4,1,1, 3, 3, VAL=0, 0, -1, -1

A convergence factor is calculated each iteration in the matching procedure. For
matching types 1-9 and 13, the convergence factor isthe largest of the mismatch factors
calculated for the elipse parameters in the appropriate planes (for a definition of elipse
mismatch factors, see Appendix C). For matching types 10-12 and 14, the convergence factor
isthe largest difference between the values desired and the values obtained. If the specified
value has a magnitude greater than one, ardlative differenceisused. DELTA, the convergence
criterion, defaulted to 0.0001, can be changed by the user. When the largest of the mismatch
factorsislessthan or equal to DELTA, the solution is assumed to be close enough, and the
matching procedure isterminated. The procedure is also terminated if convergence has not
been achieved after NIT iterations. NIT isdefaulted to 10, but may be changed by the user.

Finaly, for MT =14, fitting for specified phase advances in specified planes, the user
indicates which planesin IPLANE(1-3)—where 1=x-x' plane, 2=y-y' plane, and 3=2z-47
plane—and the respective desired phase advances are entered in VAL (1-3). A valuefor NC
must be set by the user (equal to the number of planes), and a corresponding number of
matching variables declared.

9.5 Graphics Scales
[XM, XPM, DPM, DWM, YM, DPP, XMI, XMF, XPMI, XPMF, DPMI,
DPMF, DWMI, DWMF, XC]

These quantities set the maximum values for the axes of the phase-space and profile
plots. XM and XPM set maximum limits on the transverse phase-space plotsin mm and mrad,
respectively, and DPM (deg) and DWM (keV) set maximum limits of the longitudinal phase-
space plots. YM (mm) sets the aperture (vertical axis) for the transverse profiles of the beamin
the profile plot, while DPP (deg) sets the phase profile maximum on the same profile plot. Itis
possible to specify different scales for the initial and final phase-space plots (often desirable) by
setting any of the remaining input parameters XMI, XMF, XPMI, XPMF, DPMI, DPMF,
DWMI, and DWMF to the desired values. If no entry is made for these input parameters, the
scales default to the same values for both initial and final phase-space plots.
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Thefinal parameter, XC, provides an additional scale on the same profile plot for a
displaced beam centroid. If thereisno offset of the beam centroid, this scale will not appear.
If an offset is generated and no X C entry has been made, a default scale one-tenth the
transverse beam-profile scale is used.

9.6 Print Parameters
[NPRIN, 1JPRIN(2,20), PE(20), PP(20)]

Up to 20 transport parameters can be written on the graphics display to provide
information. NPRIN isthe number of parametersto print, and the i and j indices of parameter
A(i,j) arein IJPRIN(1,n) and IJPRIN(2,n) for the nth parameter. An alternate method to enter
printout parameters can be done using the one-dimensional arrays PE for the desired printout
element and PP for the corresponding printout el ement parameter (default=1). When the PE
array isused for input, NPRIN is set automatically.

9.7 Other Parameters
[CMT(NELMAX), COMENT, NXTRA, EXTRA(10)]

The CMT variable provides eight characters for the identification or naming of elements
in the datafile. Each element may use the eight-character comment CM T(n) which may be
entered in the Input Mode surrounded by single quotes. A number of these eight-character
comments are included in the example of atypical datefile as seen by atext editor in Figure 2
and in the exampl e of the execution of the "P* command in Figures 7 and 11. The COMENT
variableis a 60-character file comment that can also be seen in the figures just mentioned. Itis
possible to print the file comment to the graphics screen (depending on the graphics system
used) with the"&" command.

Some additional storage space isreserved in the EXTRA array for extraparameters, and
NXTRA of these parametersin the EXTRA array will be printed when executing the "P"
command. The EXTRA array can provide a place for auser to store additional parameters
needed for a user-defined element.

10.0 DESCRIPTION OF COMMANDS

Included hereis abrief description of the commands recognized by TRACE 3-D aslisted
previoudly in Table 1V, Section 8.0. Most commands appear obvious, but alittle explanation
with afew exampleswill be of benefit. Examples of what the user might enter are shown in
italics.
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10.1 "A" ADD Command

To add or insert one or more beamline elements between any two elements, issue the"A"
command. Thiswill provide the following prompt:

Add ML el enments before elenent M
Enter ML, M2:

For example, to insert two new beamline elements between elements 5 and 6, enter 2,6
(acommaor aspace is used to separate entries). The program will move al type codesin the
NT array and all transport parametersin the A array, starting at element M2, to locations
increased by M1; i.e., NT(6) movesto NT(8), A(1,6) becomes A(1,8), etc. The program
automatically enters the Input Mode (providing the "ENTER INPUT" prompt), the same asiif
the user had issued the "I" command. The user should then enter the parameters for the new
beamline elements, including the element type in the NT array, asin the following example:

Add ML el enents before elenment M

Enter ML, M2: 2,6

ENTER 1 NPUT:

NT(6) =1, 3, A(1, 6) =100, A(1, 7) =3.5, 50

In this example, the user inserted adrift (NT =1) and a quadrupole (NT =3) , the drift

being element 6 and the quadrupole element 7. The user then entered the element parameters:
100 mm for the drift length, and afield strength of 3.5 T/m and alength of 50 mm for the
guadrupole. To verify that input was entered correctly, the user may issue the "P' command
to inspect the datafile (discussed below). If the"A" command isissued by mistake, the user
may enter 0,0 for M1, M2 to exit the Add Mode.

10.2 "B" BEAM Command

Issuing the "B" command displays to the screen a number of beams, including BEAMI
(initial beam), BEAMF (final beam desired for matching purposes), BEAMCI (initial beam
centroid offsets), and BEAMC (beam centroid offsets), in addition to alisting of all stored
beamsin any of the 14 beam-holding arrays. A note will indicate how many beam-holding
arrays remain available. The"X" command (described below) is used to exchange beams, i.e.,
to enter beamsinto or retrieve beams from storage arrays, saving or replacing BEAMI,
BEAMO, and/or BEAMF arrays.

10.3 "C" CONVERT Command

Often used in conjunction with TRACE 3-D, the PARMILA code uses different units for
both itsinput and output routines. The"C" command will convert TRACE 3-D BEAMI,
BEAMO, EMITI, and EMITO arraysto PARMILA unnormalized input units and normalized
output units. The command will display a page of output to the screen with this information.
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104 "D" DELETE Command

To delete one or more beamline elements, issue the "D" command. Thiswill provide the
following prompt:

Delete ML elenents--start with M
Enter ML, M2:

To delete elements 13-15, for example, the user enters 3,13. This removes elements 13,
14, and 15. The program will move all type codesin the NT array and all transport parameters
inthe A array, starting at element M2+M1, to locations decreased by M1 (decreased in
sequence number or amove upstream by M1 elements). To verify that the element deletion
was done correctly, the user may issue the "P" command. If the"D" command isissued by
mistake, the user may enter 0,0 for M1, M2 to exit the Delete Mode.

10.5 "E" END Command

Thisisthe most obvious command. The"E" command terminates the program.

106 "F" PHASE Command

If the beam is followed through one period of a periodic structure, the phase advances
and the matched-€llipse parameters can be cal culated from the R-matrix (arc cos of one-haf the
trace of the R-matrix) by issuing the"F' command. The phase advance in degrees and the
Twiss (a and ) beam-€llipse parameters for each of the three phase-space planes are calculated
and displayed as follows (also seen in Example A):

TW SS PARAMETERS

SIG ALPHABETA
X 37.0773 0. 0000. 2199
Y 37.0773 0. 0000. 1090
Z 31.1751 0. 0000. 3277

assuming the 2x2 R-matrix for each plane can be written in the following form14:

cosu+asnyu Bsnu
-ysinu cosu—asnu

where y = (1+ az) /,8. Note that when space-charge forces are involved, a calculation to find a
matched beam by issuing the "M" command, using a match type MT =14, should be

14 The phase advance is denoted here by 1 and in the program by o (sigma).
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performed to ensure that space-charge forces contributing to the R-matrix correspond to the
matched beam.

10.7 "G" GO / GRAPH Command

The dynamics calculations are performed by issuing the"G" command. The graphics
background is drawn, and the initial phase-space €llipses plotted—the horizontal (solid) and
vertica (dashed) ellipses on the same plot, and the longitudinal (dashed) ellipse on a separate
plot. If the beam isgoing forward, theinitial elipses (defined by arrays BEAMI and EMITI)
will be drawn on the |left-hand side; if the beam traverses the elementsin reverse, theinitia
ellipses will be drawn on the right-hand side. Asthe beam isfollowed through the beamline
elements, the beam envel opes are plotted in the beam-profile box—the horizontal and
longitudinal beam profiles in the upper half (solid and dotted lines, respectively), and the
vertical profile (dashed line) in the lower half. When the beam reaches its destination, the final
ellipses (defined by arrays BEAMO and EMITO) are drawn. Information defining the beam
current, initial and final emittances and energies, as well as values for any matching or printout
parameters, are displayed in the space between theinitial and final ellipses. Examples of the
typical graphic output can be seen in Example A, Figures 3-6, 8-10.

10.8 "H" HELP Command

A complete help package is accessible on-line when using TRACE 3-D by issuing the
"H" command. There are five pages of help, accessed in sequence, each time using the "H"
command, containing information organized as follows:

Help Page 1: | Input Parameters for Beam, Transport, Controls, Matching, and
Graphics

Help Page 2:| Command Descriptions and Transport System Element Types
Help Page 3:| Description of Element Parameters (Elements 1-9)

Help Page 4: | Description of Element Parameters (Elements 10-18)

Help Page 5: | Descriptions for Matching Types

Printouts of these on-line help pages are included in Appendix N.

10.9 "I" INPUT Command

The"Input Mode," aready mentioned severa times, is entered into with the 1"
command. After issuing the"I" command, the following prompt is displayed:

ENTER | NPUT:
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Any of the variables previous defined in Section 9.0 and any number of values for these
variables may be entered or changed in the Input Mode. Vauesfor variables are entered in
NAMELIST fashion where variables are set equal to avaue, and multiple entries are separated
by spaces or by commas. For example, to enter initial emittances and beam current, and to
change two parametersin the seventh beamline element, the user enters the following:

ENTER | NPUT:
EM Tl =25, 25, 700, XI =75, A(1,7)=.1222,-90

Note that sequential valuesin an array (such asthe EMITI and A arrays) can be entered
without retyping the array name. Any entry error detected by the NAMELIST READ statement
will cause the entire line to be rejected, displaying an error message but remaining in the Input
Mode to allow the user to try again. A carriage return exits the Input Mode. Each input lineis
limited to 100 characters.

10.10 "J" PROJECTION Command

The"J' command lets the user 100k at the real-space projections of the beam (x-y and x-2)
aswell asaprojection in x- L‘% gpace. The projections are displayed on a graphics page with
the upstream end of the system shown on the left, and the downstream end on theright. Itis
often useful to see the beam sizesin real space and note any obvious correlations. If the
ellipses aretilted, there are correlations. After going through a bending magnet, one will seea
correlation between x and 49/ (if the bend isin the x-direction).

10.11 "K" PERIODIC Command

The"K" command will generate a periodic system consisting of either RFQ or DTL
cells, prompting the user for the needed input such as cell parameters, lattice configuration,
type of quadrupole, etc. Thiscommand may or may not be implemented in some versions of
the code.

10.12"L" ELLIPSE Command

The"L" command provides a mechanism for determining the ellipse parameters and
emittances in the two transverse phase planes from measurements of beam sizes at three
locations. This feature can be useful when tuning abeamline. If beam profile measurements
are available at three locations aong a transport system, and all transport parameters are
known, but not the beam parameters, this option provides away to estimate the emittances.
When the"L" command isissued, the following prompts appear asinput is entered:

DETERM NE EM TTANCE FROM THREE
(3) W DTH MEASUREMENTS:
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ENTER LOC (1-3):
9,11, 25

ENTER XHW (1-3):
10.1,8.5,9. 3
ENTER YHW (1-3):
8.25,13.0,4.7

The user specifies the locations of the measurements with three element numbersin the
array LOC. The measurements are assumed at the downstream end of the specified elements;
however, if LOC(1) =0, the first measurement is assumed to be at the beginning of the first
element. Following entry of the locations, the user is prompted to enter three horizontal beam
half-widthsin array XHW, followed by three vertical beam half-widthsin array YHW. Before
issuing this command, the graphics display should be on the screen, because measured widths
will be plotted and beam profiles drawn as the program goes through five iterations in an
attempt to solve the problem. The details of the procedure are described in Appendix J. If a
realistic solution isfound, the calculated emittances in the transverse planes are displayed along
with the transverse beam profiles between the three locations. If the solutions to the equations
result in a negative value for the emittance in either plane, the error message "UNREALISTIC
SOLUTION--CHECK DATA" isdisplayed. Subsequent issue of the"L" command allows
new entries of beam-profile measurement data assuming the same locations.

10.13"M" MATCH Command

To find the matched-ellipse parameters in a periodic system, or to find the values of
specific transport parameters that properly fit the beam or give the desired values for specified
elements of the R- or o-matrices, the"M" command isused. Beforeissuing the"M"
command, the user should verify that the proper match type, MT, is set, and that the proper
number of matching variables are declared as required. The user will find most of the
necessary information in Table V, "Types of Matching in TRACE 3-D."

Depending on the matching type, specified by MT, a solution is sought for aset of NC
nonlinear, smultaneous equations. The method used is that of regula falsi, aniterative
procedure that, starting with an initial "guess' for the solution, usually converges to a solution
in areasonable number of trials. (If the value of any variable is zero, that value will not be
changed.) With the"M" command, the convergence or mismatch factor and the values of the
variables are printed on the screen for each iteration. If a solution has not been found after NIT
iterations, the variables will be set to their 'best" values, those that give the minimum
convergence or mismatch factor. To try again for NIT iterations, starting with the best results
astheinitial guess, issuethe"M" command again. If no progressis made toward a solution
after severdl tries, the user should consider one or more of the following possibilities:

*  Something may be wrong with the data; check by issuing the "P' command.
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* Thesolutionistoo far from theinitial guess to be found by thistechnique. Using
the"I" command, put in different parameters and try again.

* Nosolution exists. In this case, the transport system may have to be modified, for
example, by adding more elements.

e |f the number of variables, NV, isless than the number of conditions, NC, an exact
solution probably does not exist.

10.14 "N" MATCH Command

Issuing the "N" command will produce exactly the same results asissuing the "M*
command, except for the iteration printout. The"N" command will display both theinitial and
final mismatch or convergence factors for a set of matching calculations, but not the
intermediate values of any matching variables used in the iterative process. Thisis especially
useful on those systems where both text and graphics share the same screen (e.g., on a
Tektronix 4014 emulator). The"V" command (described below) may be used to obtain the
matching variable values following a matching procedure that was issued with the "N*
command. Again, for some systems, this alows the user to perform several matching cycles,
trace the resulting profiles on the original graph (using the "T" command, aso described
below), and maintain arecord of the calculations, all on one graphic output without any
overprinting (see Figure 13, Example B).

10.15"O" MISMATCH Command

The"O" command calculates and displays the mismatch factors, provided thereisa
match type, and provided the desired values have been entered into the BEAMF array
(depending on the match type, M T, this may be done automatically). The mismatch factors
between the ellipses defined by the beam parametersin the BEAMO (output beam) array and
those in the BEAMF (desired beam) array are calculated and displayed. The definition of the
mismatch factor and an explanation of how the mismatch factor is calculated can be found in
Appendix C.

10.16 " P" PRINT Command

The"P" command does not "print" but rather "displays' most of the datafile to afresh
screen at theterminal. It isgood practice to routingly verify the accuracy or correctness of the
datafile. When adynamics run gives unrealistic results, or when a matching procedure is
getting nowhere, something may be wrong with the data. A datafile display issued by the "P"
command is shown in Figure 11, Example B, and Figure 14, Example C.
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Again, useful on some systems, if the printed output reaches the bottom of the graphics
display, printing will stop and the cursor crosshairs will be displayed; however, TRACE 3-D
remainsin the Print Mode, and printing may be resumed after repositioning the cursor
crosshairs and entering a"C" (for continue). Any other command will cause the program to
exit from the Print Mode and to wait for another command.

10.17 " Q" QUERY Command

The"Q" command allows the user to ask for adisplay of the parameter values of any
specified beamline element. This avoids the inconvenience of having to display the entire
datafile (using the "P* command) to find the value of one or more parameters of a specific
beamline element. Thisis especially useful for making modificationsin parameter values.
After issuing the "Q" command, the user enters a beamline element number, and the parameter
values are displayed as follows:

ENTER ELEMENT NO. :

24

ELEMENT# 24, NT= 10 (GAP ):
PAR(1) = 0. 05850

PAR(2)=  -90. 00000

PAR( 3) = 1. 00000

PAR( 4) = 0. 00000

PAR( 5) = 1. 00000

10.18 "R" R-MATRIX Command

Whenever the beam is followed between N1 and N2, using either the"G" or "T"
commands, the transfer matrix for this distance is stored in the R-matrix or RM array. Issuing
the"R" command will display this 6x6 transfer matrix stored in the RM array. Detailed
information on the R-matrix for each of the elementsis provided in Section 6.0.

10.19"S" SAVE Command

To save adatafile, issuethe"S' command. The code will prompt the user for afilename;
if noneis entered, the same datafile will be overwritten. If anew filenameis entered and there
is no existing file by that name, the datafile will be saved with the new name; however, if afile
with that same name already exists, the user will be asked whether or not to overwrite thefile.
Thefileis saved in ASCII format, and can be viewed or modified by an editor. The ASCII
datafile for Example A, displayed by atext editor, can be seenin Figure 2.
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10.20 " T" TRACE Command

One of TRACE 3-D'smost useful featuresisits capability to immediately display the
beam profiles through atransport system, providing the user with instant feedback. Thisis
fully realized when issuing the"T" or "Trace" command. The"T" command traces the phase-
space ellipses and beam profiles on an existing graphics page (provided earlier by the issuance
of the"G" command), and provides immediate and easy comparisons between beams using
different beam parameters or transport systems using different values for various element
parameters. For example, it is possible to observe the effect of a single parameter modification
on the beam output parameters or to see differencesin beam profiles following a matching
procedure. The"T" command is useful for exploring the effects of changes in beamline
components or element parameters so long as the beamline length does not change.

10.21 "U" USER Command

This command, originally reserved for a user-defined option, currently provides a special
"grid-search" procedure for matching types 7, 8, and 9. The"U" command allows the user to
set ranges and step sizes for the matching variables (of matching types 7, 8, and 9) to maintain
the possi ble matching-variable values within the specified ranges during the matching process.
When the "U" command isissued, the user is prompted to enter the ranges and step size for
each of the declared matching variables as follows:

Ent er RANGE VALUES for
mat chi ng el ements:

A(l1,11)= -13.1671. ENTER
(M N, MAX, STEP) :

-14,-12,0. 2

A(1, 26) = 9. 0031. ENTER
(M N, MAX, STEP) :

8, 10, 0. 2

A(1,28)= -10.0188. ENTER

(M N, MAX, STEP) :
-10.5,-9.5,0. 2

A(1, 30) = 3. 4713. ENTER
(M N, MAX, STEP) :
2.5,3.5,0.1

The matching procedure commences following the entries (without iteration printout),
and when terminated, the mismatch factor and new variable values are displayed for the best
solution found under the restraints of the "grid-search” conditions. The user should note that
the matching procedure will require a much longer time to complete, depending on the number
of variables, the magnitude of the ranges, and the sizes of the steps entered (essentialy,
number of iterations equals the product of each of the ranges divided by their corresponding
step sizes). The above example requires 5,000 iterations.
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10.22 "V" VARIABLES Command

The"V" command, useful on some systems, displays the current value of the matching
variables. Itisusually used in conjunction with the "N" (matching) command which bypasses
the matching-variable iteration printout during the matching procedure. If using the "N"
command, the"V" command will provide an update on the values of the matching variables
following amatching procedure.

10.23 "W" W-® Command

Information about the longitudinal plane of the output beam is displayed by issuing the
"W" command. The information includes the phase and energy of the beam center, the phase
and energy half-widths, the length (mm) of the longitudinal semiaxis, the L‘% half-width
(mrad), and the longitudinal emittancein the z- 4‘% plane (Tmm-mrad). On systems using the
Tektronics emulators, thisinformation is displayed at the bottom of the graphics screen.

10.24 " X" EXCHANGE Command

The beam-€ellipse parameters of the BEAMI, BEAMF, and/or BEAMO arrays may be
stored in (and retrieved from) any one of 14 storage locations at any time. This beam-exchange
featureis useful for following the beam over short segments of atransport system, for
reversing the beam, or for storing multiple beams for use in the same transport. For example,
one may store the output beam BEAMO at some intermediate element n, retrieveit from storage
to place in BEAMI, follow the beam further downstream to N2 or upstream (in reverse) to N1.
Another example is when matching variables constitute only a small section of along beamline
and it is useful to run the beam up to element n near the matching variables section, store
BEAMO, retrieveit and place it in BEAMI, and start the dynamics cal culations from element n
to eliminate unnecessary repetitive calculations over the long beamline during the iterative
matching procedure. A third exampleisthat often the user will have a number of different
initial conditions or starting beams which are convenient to hold in storage and retrieve as
desired.

When the " X" command isissued, a prompt appears which allows the user to either store
or retrieve abeam. When the purpose of issuing the command isto store a beam (either
BEAMI, BEAMF, or BEAMO), the user will enter aletter (either "1, "F", or "O") followed by
the number of a storage or hold position (1-14) asfollows:

Enter beam ("I","F","0') and a
hold position (1-14), or vice

versa, for exchange:

|, 8

Enter Comment for Stored Beam
Measured beam 5/3/97 run#55

TRACE 3-D Documentation 42



LA-UR-97-886

In this example, the six elipse parametersin BEAMI are now stored in the eighth
location of array HOLD(6,14). Itisaso possible to store a 27-character comment to identify a
particular stored beam. In addition, theinitial o-matrix, contained in the array SIGI, is
correspondingly stored in the SIGS(6,6,14) array, the initial kinetic energy W in the WS(14)
array, the beam centroid BEAMC in BEAMCS(6,14) array, and the beam current XI in the
XXI(14) array. Stored beams remain in the datafile when the datafile is saved. The dlipse
parameters of stored beams can be displayed by issuing the "B" command described earlier.

When the purpose of issuing the "X" command is to retrieve abeam from any one of the
14 hold locations, the user reverses the process, entering the hold location first (1-14)
followed by the letter of the beam (either "I" or "F") into which the stored beam is to be placed.

10.25"Y" NOTATION Command

On some systems, it is useful to be able to print information on the graphic output. With
the"Y" command, the user may position the crosshairs at any point on the graphic screen and
typein desired information. Such capability can be used to identify profiles, beams, etc., or
simply to make notations about the data or calculations on the graphic output itself. An
example of using the"Y" command may be seen in Figure 13.

10.26 "Z" SIGMA Command

The"Z" command displays the modified o-matrix in the same format as that used in the
code TRANSPORT, namely:

Xmax

X'max 12

Ymax ri3 23

Y'max r14 24 34

Zmax ls I2s I3s l'a5

A% max le I26 l36 la6 I'se

The maximum extent of the beam ellipsoid in the ith dimensionsisgiven by \/g;; . The
correlations between the various coordinates are defined by

ry = 03/ 00y
Because 0 is a symmetric matrix, only haf of therij's need be printed.
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10.27 "!" UNMATCH Command

The"!" or "unmatch" command allows a user to restore the matching variable values that
existed immediately before a matching cal culation was implemented, issued by either the "M™
or "N" command. This avoids the necessity of having to re-enter pre-match values when
unrealistic solutions are found by the fitting algorithm. After issuing the "!" command, the
message "PREMATCH VALUES RESTORED" is displayed.

10.28 " @" APERTURE Command

The"@" aperture command acts as atoggle switch to either open or close afile that
receives the transverse beam-profile data (radial x- and y-profiles) every timea"G" ora"T"
command isissued. These data are the same data used to draw the beam profiles (which are
\/5 -times the rms values) on the graphic output. Within each element (asthe beam is
followed), the maximum extent of the beam is calculated in the two transverse planes by adding
to the centroids the transverse profiles multiplied by a user-supplied “ aperture factor.” Given
these maximum extents, TRACE 3-D cal culates the minimum radius required for a beampipe to
transport the beam without scraping. At the point where the minimum radiusis largest,
TRACE 3-D outputs the transverse profiles and the corresponding centroids to the aperture file
(thefirst four columns of data). Thefifth and sixth data columns in the aperture file contain the
maximum extents (the transverse profiles multiplied by the aperture factor plus the centroid
offsets), and the last column is the circular beampipe radius (square root of the sum of the
sguares of the maximum extents) required to transport the beam without scraping. The
example below shows the dialogue when first issuing the"@" command, entering an aperture
factor of 3.13 to apply to the TRACE 3-D beam (+/5 -times the rms values) to yield maximum-
extent valuesfor a 7-0 beam:

Enter aperture

mul tiplication factor:
3.13

Enter Fil enane

for Aperture File:

n2k0. aper
Opened n2kO0. aper

When open, the file continues to receive data as dynamics calculations are performed by
issuing "G" or "T" commands. After each run, the minimum required circular beampipe radius
is displayed to the screen. On subsequent issuance of the "@" aperture command, the user
may enter either anew aperture factor for another set of dynamics calculations or a“0” to close
thefile.

Enter New Aperture Factor
or “0” to close file:
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The aperture datafile also provides the maximum values of each column of data along
with beam information and other identifying data. The top and bottom portions of an aperture
datafile on a dynamics calculation with adight beam-centroid offset is shown in Figure 1.

FI LENAME:
FI LE COMVENT:

n2kO0. aper

TRACE

E enent

No.

4 Drft
5 Quad
6 Drft
29 Drft
30 Quad
31 Drft
MAX VALUES

Transport for
TRACE- 3D PROFI LES/ APERTURE DATA (Aperture Miltiplication Factor=3.13000)
(all units =
Val ues at Poi nt of Maxi num Beam Ext ent :

)

Radi al
Profile XProfile YCenter X Center

w o

(&

51
89

.73

31
07

.32

98

VALUES ON ABOVE RUN:
EMTi= 7.100 7.100 290.00,

Radi al

1.92
2.24
2.87

7.12
5. 86
5.27

12. 76

0.05
0. 06
0.11

0.18
0.24
0.28

0.28

Y
0.03
0.02
0.00

-0.01
0.00
0.00

0.03

= 25.0mMA Win)=1

EM To=

Fact or *
Profile
+Cent er

11. 77

13. 67
16. 11
16. 92

25.19

N2 Luggage Detection System

Fact or *

Profile

+Cent er
Y

6. 05
7.04
9.00

22.30
18.34
16. 49

40. 06

26- MAR- 97

Qrcul ar
Beanpi pe
radi us

R
6.
7.

14.

26.
24.
23.

41.

27
59
82

16
41
62

30

. 7500 Wout)= 1. 7500MeV
9.508 7.103 377.60

Figure 1. Example aperture datafile produced by TRACE 3-D using the " @" aperture command.

10.29 "#' NEWFILE Command

The "#' newfile command allows the user to read in anew datafile without terminating
the program. All values in the main common blocks are cleared and overwritten.

10.30"&" COMMENT Command

On some systems, it is useful to display the file comment on the graphics page. 1ssuance
of the"&" command will display the file comment.

10.31"*" CENTROID Command

The"*" command will display the beam centroid coordinates for BEAMO. The beam
centroid is aso displayed with other beams when issuing the "B" command.
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10.32"?" MINI-HELP Command

The"?" mini-help command will display element parameter information for specified
element or NT value. Thisinformation is quite useful, for example, when inserting beamline
elementsinto the transport system where parameter and parameter order information is
essential. Issuance of the "?' command prompts the user for an element type, displaying the
appropriate part of the on-line help package. A request for information on a bend element, for
example, displays the following information:

Enter Elem Type 1-18 for HELP:

NT=8 -- BEND

A(l,n): Al pha, Bend Angle [deq]
A(2,n): Rho, Bend Radius [mm]
A(3,n): n, Field Gad index
A(4,n): Vert Flag (0=horiz)

11.0 EXAMPLES

11.1 Matching Between a 400-MHz RFQ and DTL (Example A)

Example A, "Matching Between a400-MHz RFQ and DTL," isthe example mentioned
in the Introduction. Figure 2 showsthe ASCII input file for this example to be read in by the
code as was described in Section 8.0. Theinput file definesa2-MeV proton beam with a
transverse emittance of 25 Ttmm-mrad and alongitudinal emittance of 700 T-deg-keV. The
transport system consists of the final two cells of a400-MHz RFQ and thefirst two cells of a
400-MHz DTL, separated by a 100-mm drift space. Thisdrift space will later be replaced by
drifts, quadrupoles, and an RF gap for transverse and longitudinal matching.

The beam current of interest is 75 mA, but matching will be done first for zero-current.
If the design of the two accel erating structures include similar focusing strengths per unit
length, a match found for zero current should be acceptable for any current.> Multi-current
matches are preferred, particularly when permanent-magnet quadrupoles are used (asthey are
in this example).

Thefirst step isto determine the matched ellipse parameters at the exit of the RFQ, first
for zero current, and then for 75 mA. For this purpose, the two RFQ cells must be one period
in afocusing system. Vauesfor V/rp2 and AV are 5.5 kV/mm2 and 57 kV, respectively.

15 R. S Mills, K. R. Crandall, and J. A. Farrell, "Designing Self-Matching Linacs," Proc. 1984 Linac Conf.,
Gesellschaft fiir Schwerionenforschung, May 7-111, 1984, Darmstadt report GSI-84-11, 112 (September
1984).
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$DATA

ER= 938.28000, Q= 1., W= 2.00000, XI=  0.000,

EMITI =  25.000000, 25.000000, 700.000000,

BEAMI =  -1.36488, 0.14124, 1.51252, 0.16683, 0.03672, 0.33845,
BEAMF = -1.36488, 0.14124, 1.51252, 0.16683, 0.03672, 0.33845,
BEAMCI= 0.00000, 0.00000, 0.00000, 0.00000, 0.00000, 0.00000,

FREQ= 400.000, PQEXT= 2.50, ICHROM= 0, IBS= 0, XC= 0.0000,
XM= 10.0000, XPM= 50.0000, YM= 5.00, DPM= 30.00, DWM= 100.00, DPP=_30.00,

XMI= 10.0000, XPMI= 50.0000, XMF= 10.0000, XPMF= 50.0000,

DPMI= 30.0000, DPMF= 30.0000, DWMI= 100.0000, DWMF= 100.0000,

N1= 1,N2= 2, SMAX= 50, PQSMAX= 2.0,NEL1= 1, NEL2= 2, NP1= 1, NP2= 15,

MT= 4,NC= 6,|PLANE=0,00,MP=0, 0,0, 0,0, 0,0, 0,0, 0,0, O,

MVC=0, 0,0,0, 0,0,0, 0,0,0, 00,0, 00,0, 00,

VAL=  0.0000000, 0.0000000, 0.0000000, 0.0000000, 0.0000000,  0.0000000,

CMT( 1)='RFQ CELL', NT( 1)= 11, A(1, 1)= 55000000 ,57.000000 , 24.430000 ,-30.000000 ,0.000000,
CMT( 2)='RFQ CELL', NT( 2)= 11, A(1, 2)=-5.5000000 , 57.000000 , 24.430000 ,-180.00000 ,0.000000,
CMT( 3= ', NT( 3)= 1,A(1, 3)=100.00000 |,

CMT( 4)=PMQ ', NT( 4)= 4, A(1, 4)= 160.00000 ,12.700000 , 6.0000000 , 20.000000 |,

CMT( 5)=PMQ ', NT( 5)= 4, A(1, 5)= 160.00000 ,12.700000 , 6.0000000 , 20.000000

CMT( 6)='  ',NT( 6)= 1,A(l, 6)=11.730000 |,
CMT( 7)='RF GAP ', NT( 7)= 10, A(1, 7)=0.81900000E-01,-35.000000 ,0.000000,0.000000,0.000000,
CMT( 8)= ', NT( 8)= 1,A(1, 8)=11.730000 |,

CMT( 9)=PMQ ', NT( 9)= 4, A(1, 9)=-160.00000 , 12.700000 , 6.0000000 , 20.000000
CMT(10)=PMQ ', NT(10)= 4, A(l, 10)=-160.00000 , 12.700000 ,6.0000000 ,20.000000 |,
CMT(11)=' ' NT(11)= 1, A(L, 11)= 11.730000 |,

CMT( 12)=RF GAP ', NT( 12)= 10, A(1, 12)=0.81900000E-01,-35.000000 ,0.000000,0.000000,0.000000,
CMT(13)=' ' NT(13)= 1, A(1, 13)= 11.730000

CMT(14)=PMQ ', NT(14)= 4, A(1, 14)= 160.00000 , 12.700000 , 6.0000000 ,20.000000 |,
CMT(15=PMQ ', NT(15)= 4, A(1, 15)= 160.00000 , 12.700000 , 6.0000000 , 20.000000 |,
WS(1)= 2.00000, 2.00000, 2.00000, 2.00000, 2.00000, 0.00000, 0.00000,

WS(8)= 0.00000, 0.00000, 0.00000, 0.00000, 0.00000, 0.00000, 0.00000,

SIGI(1,1)= 35310 , 34.122 ,0.00000E+00,0.00000E+00,0.00000E+00,0.00000E+00,

SIGI(1,2)= 34.122 , 506.74 ,0.00000E+00,0.00000E+00,0.00000E-+00,0.00000E+00,
SIGI(1,3)=0.00000E+00,0.00000E+00, 4.1707  ,-37.813 ,0.00000E+00,0.00000E+00,
SIGI(1,4)=0.00000E+00,0.00000E+00,-37.813  , 492.67 ,0.00000E+00,0.00000E+00,
SIGI(1,5)=0.00000E+00,0.00000E+00,0.00000E+00,0.00000E+00, 4.3637  ,0.87304
SIGI(1,6)=0.00000E+00,0.00000E+00,0.00000E+00,0.00000E+00,0.87304  , 129.72
COMENT=EXAMPLE "A" IN THE TRACE-3D MANUAL '

$END

Figure 2. ASCII input file for Example A as seen by a text editor.

Assuming that the horizontal vanes are nearer to the longitudinal axis at the beginning of
thefirst cell, V/rg?2 is+5.5 for the first cell and —5.5 for the second cell. The length of each
cell is24.43 mm, which isBA/2 for 2-MeV protons at 400 MHz. A synchronous phase of —
30° isassumed, and the fifth parameter of both cellsis set to zero to avoid energy changes.

Theinput fileis aready set to do matching through the two RFQ cellsfor zero current.
That is, X1=0,N1=1, N2=2, and MT=4. When the "M" command is issued, the program
finds the input ellipse parameters that equal the output ellipse parametersin all three phase
planes. It isimportant to remember that none of the alphas or betas should be zero when the
matching is begun, because zero values will not be changed.
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After the matching procedure, one can see the input and output beam ellipses and the
profiles through the RFQ cells by issuing the "G" command. The graphics display isshown in
Figure 3. Theresults of issuing the "F" and "W" commands are also shown in Figure 3. The
"F" command determines the phase advances and the matched-elli pse parameters cal culated
from the transfer matrix. The"W" command gives information on the longitudinal properties
of the beam, the output phase and energy, the half-widths of the phase and energy spreads, the
half-widthsin z- and 4P/, and the emittance in z- 4P/ phase space.

The zero-current ellipse parameters will be saved in the first of the holding arrays by
issuing the " X" command and entering |, 1. The match for 75 mA isfound by getting into the
Input Mode (issuing the "I command), changing the current X1 to 75, and then issuing the
"M" or "N" command. If the matching process does not converge after the first step of
iterations, repeat the "M" or "N" command one or more times. The matched solution for
75 mA can be compared to the matched solution for zero current by issuing the "T" command,
and new phase-advance information can be displayed again with the"F' command. A
complete record of these transactions can be seen on the left-hand side of the graphics pagein
Figure 4. Thissolution (matched BEAMI for 75 mA) is saved in the second holding position
by again issuing the "X" command and entering I, 2.

The next step isto find the ellipse parameters that are matched to the input of the DTL,
the first two cells of which are represented by a sequence of permanent-magnet quadrupoles,
drifts, and RF-gaps. The transverse focusing period of interest begins and ends in the middie
of the first and third quadrupoles, respectively. The other halves of the first and third
quadrupoles must be included in the transport because they affect the surrounding magnetic
fields. The PMQ gradients are 160 T/m, and their lengths, 25.4 mm. The inner and outer
radii of the quadrupoles are 6 mm and 20 mm, and since PQEXT =2.5 in the dat&file, the
fringe fields will extend to 2.5x6 mm. The effective gap voltage, EqTL, in each cell is0.0819
MV. The length of each cell is48.86 mm, equal to BA for 2-MeV protons at 400 MHz. To
make the two cellsidentical, no energy gain isalowed. The synchronous phaseis—35°.

To find the matched-€llipse parameters for zero current, we first issued the "I command
to get into the Input Mode and set X1 =0, N1 =5, N2 =14, and MT = 3 (upright ellipsesin
the center of quadrupoles). Once again, we issued the match command. When the solution
was found, we issued the "G", "F", and "W" commands. The results are shown in Figure 5.
Note that the zero-current traverse phase advances in the two structures are the same per unit
length, 18.4°/BA (RFQ cell length=A/2, DTL cell length=3A). The zero-current longitudinal
phase advances are nearly the same, 15.2°/pA for the RFQ and 15.6°/BA for the DTL. Once
again we saved the zero-current solution in the third holding position using the " X" command,
changed the current to 75 mA, repeated the matching procedure, executed the " T" and "F"
commands and saved the solution in the fourth holding position. We a so saved the datafile as
EXAMPLEAZ2. These transactions can be seen in Figure 6.
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BEAM AT NELi= 1 1= @.0mA BEAM AT NEL2= 2
H(p= -1.3540 E= 0.14124 W= Z2.0000 2. @oed Hel H|R= -1.36490 B= ©.14124
U|A= 1.5125 B= 0.15682 FREQ= 4B0.080NMHz WL= 740.42mm U|A= 1.5126 B= ©.1663%
EMITI= 25.800 25.000 700.00
EMITO= 25.800 25.008 700.00
Ni= 1 HNz= 2
™ ™~
TWIS5 PARAMETERS oy PRIMTOUT UHALUES [
516 ALFHA BETA \ ) FP PE VALUE i
X 18.3672 -1.365 ©.1412 LA v
Y 18.3821 1.513 ©.1668 " MATCHING TYFE = 4 0
Z 15.1745  0.037 0.3385 VA MATCHED BEAM DESIRED AFA
H {match to BERAMI> Y
Yo Alpha Beta ol
~ ® ~1.3649 o, 1412 i
y 1.5125 m.1668
=z 0.0367 @.3385
18.000 mm X 50.000 mrad 10.000 mam X 50.000 mrad

CODE: TRACE3D vS9
FILE: EXAMPLER

Z|A= 3.07Z200E~-D2 |BE= @.33845 DATE: S-MAR-97 Z|A= 3.67269E-02 |B= B.33845
TIMNE: 15:00:352

e Ny e N

N ¥ ! N

] i H v

T | T [

\ \

) S \ ;

i P AN i

T 4-"/ T r"’j
38.00@ Deg X 100 .00 Kel 30.00@ Deg X 100.99 Kel
NFP1= 1 NP2= 15
.00 mm (Horiz)} 20.0 Deg {Long.>

RFO RFQ PHMQ | PMO (F FMO | PMO q PHO | PHO

1 2 3 4 5 5t a3 9 10 | 111k13 | 14 13

5.00 mm (Uertd Phi=150.0deg, W= 2. 008HeVY Length= 271 .98mm
DP= 15.39deq, DH= 45.51keVy, DZ= 2.29mm, OP/P= 11.38%mrad, Ez= 23, 78pi-mm-mrad

Figure 3. Graphical display showing the matched RFQ beam for zero current, with display of the Twiss parameters, and longitudinal
parameters (Example A).
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BEAM AT MEL1= 1 1= 2.2mA BERM AT NEL2= 2
Hln= -1.3644 B= @.14124 W= 2.p@00 2.0008 Hel H|A= -1.3649 = @.14124
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a‘ﬂ_—h“‘- e
P P ~
ENTER INFUT: L ~x P -~y
XI=75 < T S DR
MRTCHING-STANDBY (MIT= 10D R Vo O Y
MMFx= B.2@9,y= 0.208,z= 0.235 T .: T —
MMFx= ©.000,y= ©.000,z= 0.000 o to LY [
- e . [
=7 RS N
~— e *-________,_J,
THISS PARAMETERS
SIG ALPHA BETH
X 11 .6286 =-2.146 0. 2232 30.@00 Deg X 100.0@ Kel 30.080 Deg X 100.80 KeU
¥ 11.6455 2.37656 0.2632
z 2.0229 ©.860 06482 NP1= 1 NP2= 15
S.00 mm (Horiz) 30.0 Dag C(Long.?>
Enter beam ("I","F","0") and a
hold position ¢1-143, aor vice
yersa, for exchange:
I,2
Enter Comment for Stored Beam:
MATCHED BEAM 75-MA RFQ
RFQ RFO PMO | PMQ F FPHMO | PMQ g PMO | PHO
1 2 3 4 s |5 &8 | 9 |10 |111k13 | t4 | 1S
3.00 mm <Vert> Phi=130.0deg, W= 2.088HeV Length= 271 .98mm
pP= 21.17deg, DH= 33.15KeV, D2= 2.87mm, OP/F= &.295mrad, Ez= 23.72pi-mm-mrad

Figure 4. Matched RFQ beam for both zero current and 75 mA, showing input, matching, and beam-exchange transactions performed in
Example A.
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Z

TWISS FRRAMETERS

SIG
37.8772
37.87?73
31.1751

ALPHA
@.000
0.000
@.e00

BETA

B.2199
o.1690
a.3277

BERM AT MELi= S 1= 0.0mA EEAM AT NEL2= 14
A= 0.000P@E+00 |B= 0.21995 W= 2.p000 2.000@ Hel H([A=-1.01513E-17 [B= @.21995
A= 0.0000OE+DQ |B= ©.10003 FREQ= 400.00MHz  WL= 749.48mm U|A= 3.48055E-16|B= @.10903
EMITI= 25.000 25.000 700.00
EMITO= 25.800 25.000 700.00
Ni= 5 Nz= 14
. PRINTOUT UALUES A
(,fw,\l PP PE VALUE {;Cw\
) ) H ;
: i MATCHING TYPE = 3 —
\_N__’.L/I MATCHED BEAM DESIRED ‘\k_,;/
~1 7 Alpha Beta O
Ed x 0.0000  ©.2199 ad
y o. 0080 2.1090
z @.0000 @.3277
10.000 mm X S52.000 mrad CODE: TRACE3D v59 10.900 nm X 50.00@ mrad
FILE: EXAMPLER
DATE: S-MAR-97
A= 0.0D0ORE+DD |E= 0.32774 TIME: 16:29:17 Z |A=-7.15034E-16 [B= 0.32774
,lJ-— "'k“\ (/_,‘ "'g‘.\
I 3 ; N
4 "‘1 ! ‘\
{ | ! :
N r’ R g
N < ~ ’
~o ",‘ ~. "a
35.098 Deg X 100 .00 Kel 30 .000 Deg X 100.00 Keu
HP1= 1 NPZ= 15
5.8 mm (Horiz> 30.@ Deg <Long.>
FFQ RFQ PHQ | PMO 5 PHa | PHQ § FHMG | PHO
1 2 3 4 5 t 3 | o |10 |111kta |14 |15
5.00 mm (Vert) Phi= 0.@deg, W= 2.0@8MeV Length=  271.98mm
DP= 15.15deq, DW= 46.22KeVU, D2= 2.06mm, OP/P= 11.566mrad, Ez= 23.78pi-mm-nrad

Figure 5. Graphical display showing the matched DTL beam for zero current, with display of the Twiss parameters, and longitudinal
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parameters (Example A).

51

TRACE 3-D Documentation



THISS PARAHETERS
SIG ALPHA BETA
37.0773 @.000 ©.2199
37.8773 G.000 ©0.1090
21.1751 @.000 @.2277

[ b e

Enter beam ("I","F","0"2 and o
hold position €1-1423, or vice
versa, for exchange:

I,3

Enter Comment for Stored Beam:

MATCHED BEAHM @-MA DTL

ENTER INFUT:
XI=7S

MATCHING-STANDBY (MIT= 1@)
MMFx= @.378,y= ©.3096,z= 0.437
MMFx= @.000,y= @, 000, z= @.000

TWUISS FPARRAMETERS
S1G RLPHA BETH
23.4361 @, 060 0.3455
23.4361 @. 000 0.1736
15.8319 G.000 @.6070

N<X

Enter beam ("I","F","0"> and a
hold position (1-143, or vice
versa, for exchange:

1,4

Eﬁtar Comment for Stored Beam:

MATCHED BEAM 75-MA DTL

ENTER FILEMAME OR HIT RETURHN
FOR SAME MAME---EXAMFLEA

NEW FILENANE:

EXAMPLEAZ2

FILE EXISTS - Overwrite [Y/N1?

¥
FILE SAUVED AS EXAMPLERZ
5-MAR-97 ©8:01;43

LA-UR-97-886

BERAM AT N

SICTIT
DDTDD
LU [ I}

asas

.0PORRE+RO
.0D0QOE+0Q
.DO0ORE+AQ
.DERORE+RE

W=

EMITI=
EMITO=

10.00@ mm X

59.00@0 mrad

A= 0.00000E+00

A= ©.0G0QQE+0D

38.000 Deg X

100.9@ KeU

FREQ= 400.00MHz
25.000 25.000
25.000 25.000

I= 0.0mA

2.0000 2.0000 Mel
HL= 749.43mm

Ni= 5 N2= 14
PRINTOUT VALUES

FP FE VALUE

MATCHING TYPE = 2
MATCHED BERM DESIRED

Alpha Beta

0.3000 0.2199
0.109@
@.3277

CODE: TRACE3D w59
FILE: EXAMPLER
DATE: 6&-MAR-97
TIME: @7:59:04

BEAM AT MEL2= 14

A=-1 01513E-17 [B= @.21995
A= 3.48050GE-16 [B= 0.10983
A=-1.29141E-0F [B= @.34551
A=-9.$5721E-07 [B= 0.17353

CICXT

10.000 mm X 50.000 mrad

~

A=-7.15034E-13 |B= 0.32774

~

1.90435E~07 [B= ©.60704

- o
f, N =
! v
PR Y
I
\ [
~ 5
e A
Tl -

2@.0@0 Deg X 10@.08 KelU

S.90 mm (Horiz?

30.% Deg <(Lang.>

RFQ PMO PMO g FMQ [ PMQ
2 3 4 1o [t11kbi13 | 14 | 15
5.60 mm C(Uert) Phi= ©.0@deg, W= 2.000MeV Length= 271.98mm

DP= 20.61deq.

23.96KeV., DZ=

Example A.
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2.88mm, DP/P= 8.499mrad,

23 .78pi-mm-mrad

Figure 6. Matched DTL beams for both zero current and 75 mA, showing input, matching, and beam-exchange transactions performed in
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Next, we put in a matching section between the RFQ and the DTL. Weinserted the new
elements after issuing the "A" command. Figure 7 shows the procedure, with a series of input
commands. Both the type-array, NT, and the element-array, A, were updated for the eight
new elements. The results of the "P" command to display the datafile, and the "B" command
to display the beam storage arrays from the earlier beam exchanges can also be seenin Figure
7.

The matching section was tested by following the beam from the RFQ to the beginning
of the DTL and comparing the beam parameters with those of the matched beam at that
position. Two beam exchanges were made. First, we retrieved the zero-current matched RFQ
beam stored in holding position 1 and placed it in BEAMI by entering 1, | following issuance
of the"X" command. Next, the zero-current matched DTL beam stored in holding position 3
was retrieved and placed in BEAMF. Thiswas done by issuing the " X" command a second
time and entering 3, F. In the Input Mode ("I" command), the current X1 was set to zero, and
N1 and N2 set to 1 and 12, respectively. The"G" command was issued, followed by the "O"
command to display the mismatch factors and to compare the output beam to the desired beam
parameters that were entered in BEAMF. This can be seenin Figure 8.

The procedure was repeated for the 75-mA beams. BEAMI and BEAMF were updated
from holding positions 2 and 4, and the current changed to 75 mA. The"T" command was
issued followed by the "O" command, overlaying the 75-mA profiles and phase-space ellipses,
and displaying the mismatch factors. This can be seenin Figure 9.

The mismatch factors between the 75-mA matched RFQ beam (placed in BEAMI and
followed to the middle of the first DTL quad) and the 75-mA matched DTL beam (placed in
BEAMF) aredl lessthan 0.2, but not quite acceptable; therefore, we went through a matching
procedure to seeif they could be improved. We used matching type 9 (which expects six
matching variables) even though we only declared four matching variables. (If fewer variables
are declared, matching will still be attempted but an exact solution will not be found.) Only
four values will be varied in our example, viz., the gradients for elements 5 and 9, the EqTL
value of the RF gap element 7, and the length of drift element 3. These were set by entering
MT =9, and MPE=5,9,7,3 in the Input Mode. We aso activated the print element option on
the graphics display for seven other elements by entering PE=1,2,3,4,6,8,10. These
transactions can also be seenin Figure 9.

We continued to initiate the matching procedure (using the "N" command) until there was
no further decrease in the mismatch factors. A "V" command was then issued to display the
final value of the matching variables followed by the"T" command to display the final beam
profiles and phase-space dllipses. Thefinal results can be seen in Figure 10. Because of the
entries for the matching and printout €l ements, the values of these parameters are displayed on

53 TRACE 3-D Documentation



the graphics page. With all mismatch factors below 0.05, a reasonably good solution was
obtained.
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Add M1 elements before element M2
ENTER M1,M2:

8,4
ENTER INPUT:

NT(4)=1,4,1,10,1,4,1,1

ENTER INPUT:
ACL,4>=11.73,A(1,5)=160,25.4,6,20,A(1,6)>=11.73
ENTER INPUT:
AC1,7)=.1222,-90,AC1,8)>=11.73,AC1,9)>=-160,25.4,6,20,
EMTER INPUT:

ACL,18)=11.73,A¢1,115=11.73,A¢1,3)=3 .7

UNITS: am, mrad, T/m, mA, MU/m FILENAME: EXAMPLEAZ2
ER= 038.28000 0= 1. W= 2.00000 XI=  75.000
EMITI= 25.0000 25.0000 700.0000
BEAMI = 0.0000 @.3455 0.0000 0.1736 2.0000 0.6070
BEAMCI= 0.0000 0.0000 0.0000 0.0000 0.0000 0.0000
BEAMC = 0.0000 0.0000 0.0000 0.0000 0.9000 0.0000
BEAMF = .000@ B.3455 @.0000 2.1736 ?.0000 0.6070
FREQ= 408.800, PQEXT= 2.50, ICHROM= 8, IBS= O XC= 0.00
XM= 18.0, XPM= S8 0008, VM= 5.8, DPHM= 33., DUM= 1@3., DPP= 30.
Ni= 5, N2= 14, SHAX= 5.0, POSHAX= 2.8 :
NELL = 5, NELZ = 14, NP1 = 1, HPZ = 23
BEAMI: x=  0.0000 . 3455 Mr= 3 MHC= 3 LOC= 0 0 @
= @.0000 @.1736
= 5 @émé 36070 n NT<nY  ACL,n» AC2,n> A3, nd ACd,nd ACS,n)
BEAME: x= @ 0000 0 2455 RFQ CELL 1 i1 5.5000 57.0000 24.4300 -30.0000 0.0000
e @ 0000 8 1736 RFQ CELL 2 1t -5.5000 57.0000 24.4300 -190.0000 0.0000
S amm oo o1 e
BERNCI : x= 9.0000 ?.2000 :
* o 2000 0. 0000 5 4 160.0000 25.4000 6.0000 20.0000
z= 9.0000 0.0000 6 1 11.7300
BERAMC: x= ?.0000 0.0000 ? i@ @.1222 -90.0000 9.0000 0.9000 0.0000
y= ©.0000 0.0000 8 1 11.7300
2= @ 0000 0. 9000 g9 4 -160.0000 25.4000 6.0000 20.0000
HOLD1: MATCHED BEAH @-HA RFQ 10 1 11.7300
HOLD1: x= -1.3649 0.1412 11 1 11.7300
y= 1.5125 0. 1668 PHO 12 4  160.0008 12 7002 6.0000 20.0000
2= 0. 0367 @.3385 PMO 13 4  160.0000 127000 6.0090 20. 000
HOLD2: MATCHED BEAM ?5-MA RFQ 14 L 11.7300
HOLD?Z: x= -2 _1462 @.22232 RF GAP 13 i0 0.0819 -35.0000Q 0.0000 0.0000 0. 6200
= 2.3763  ©.2632 16 L 11.7300
§= 0 @605 ?. 6402 PHO 17 4 -160.0000 12.7000 5.0000 20.0000
HOLD3: MATCHED BEAM @-MA DTL PHO 18 4 ~-160.000Q 12.7900@ 6.0000 20. 0000
HOLD3: x= 2.0000 8.2199 19 1 11.7300 .
y= 0. 2000 o 1008 RF GAP 20 1@ 0.0819 -35.0000 0.0000 0.0000 0.0000
z= 2. 0000 8.3277 21 1 11.7300
HOLD4: MATCHED BEAM 75-MA DTL PHQ 22 4 160.0000 12.7009 6.0000 20.0000
HOLD4 : x= 2. eoan ¢.3455 PMQ 23 4  160.0000 12 .7000 6.0000 20.0000
y= 9.9000 0.1736
z= 2.0000 9.6070
10 HOLD RREAS RAUAILABLE EXAHPLE "R" IN THE TRACE-3D MANMUAL

Figure 7. Procedure for adding eight transport elements before element 4, a display of the datafile after the elements have been added, as well
as the beams and beam-holding arrays (Example A).
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BEAM BT NELi= 1 I= @.@mA BEAM AT MELZ= 12

H|R= -1.3649 B= @.14124 W= 2z 0000 2.0000 Nel H{A=-1.07424E-02 |B= @.Z0700
U|R= 1.5125 B= ©.165683 FREQ= 400.@0MHz  WL= 749, 43mm U|A= 2.575076-03 |B= 0.13434
EMITI= 25.000 25.000 700.00
EMITO= 25.000 25.000 700.00
Hi= 1 HN2= 12
™,
(RN PRINTOUT UALUES N
;/\ PP PE URLUE //;\
n 7 by
MMEx= B.211,y= ©.114,2= 0.056 1 MATCHING TYFE = 2 t .
\/f\ MATCHED BEAM DESIRED Kgp_gﬁﬂ
H filpha Betaq o
ol x 0.0000 0.1412
N~ y 0.C0O0 0.1668
z 0.0000 @.3385
10,000 nm X 50.000 mrad CODE: TRACE3D vS9 19.000 nm X 50.808 nrad
FILE: EXAMPLER2
DATE: 6~MAR-97
Z|A= 3.67200E-02 |[B= 0.33845 TIHE: ©8:15:58 Z |A=-3.19114E-02 |B= ©.30509
.«"_-__H“'-\_ a’-’-h‘-"-\
g . - \\
1 \ ! A
i X g \
| \ ! 1
! | ' i
u ; k ‘
. 4 N .’
S Lo \_t‘ L
30.000 Deg X 100.00 KaU 30.000 Degq X 16000 Kel
NF1= 1 HP2= 23
5.0 mm CHoriz) 30.@ Deg fLong.>
RFQ RFQ | FMO § PHO [ PMa | PHa g FHMO | PO U] PHO | PHO
1 2 2l 4 5 6 & a 10 Ty [12 [tz | 1a1Bb1e V17 | 18 [ 19221 [ 22 | 22
e 7 N""“--._‘__‘q- _,-‘"_’-’_J_
S.80 mm <Uerti’ Length= 285.13mm

Figure 8. Matched zero-current RFQ beam followed to input of DTL (Example A).
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MMFx= ©.211,u= B.114,z= 8. 056

Enter beam {("I","F","0") and a
hold positian €1-143, or vice
versa, for exchange:

2,1

Enter baam CUITLUFTL,T0") and a
hold position €1-14), or vice

versa, for exchange:
4,F
ENTER INPUT:
XI=75
MMFx= ©®.196,u= @.121 z= 0.062

ENTER INPUT:
PE=1,2,3,4,6,8,10
ENTER INPUT:
MT=0,MPE=5,9,7,3

BEAN AT NEL1= 1 1= 0.0mA BEAM AT MEL2= 12
H|A= -1.3649 B= B.14124 W= 2.0000 2.0000 HeU H[A=-1.087424E-02 |B= 0.207@0
ulp= 1.5125 B= §.16683 FREQ= 409.00MHz  HL= 749.48mm U|R= 2.67507E-03 [E= 0.13434
Hlp= -2.1463 B= @.22322 EMITI= 25.009 24,999 70@. @1 Hir= 5.60134E-02 |B= 0.321348
ulp= 2.3763 B= @.26325 EMITO= 25.860  24.999  v00.01 U |A=-7.87884E-0Z |B= @.21325
o Ni= 1  N2= 12
I\' Ny
CR PRINTOUT VALUES .
A PP PE UALUE &
[ n ﬁfﬁ i)
- MATCHING TYPE = 3 ’ :
ng\ MATCHED BEAM DESIRED Wg%:;wﬂy
A 'e Alpha Beta P nrd
Yo I P 0. pEda D.1412
4 y 0. 0000 0.1668
z 0.0000 B.3335
12.000 mm X S6.082 mrad CODE: TRACE3D v59 10.209 mm X 50.080 mrad
FILE: EXAMPLEA2
DATE: GB-MAR-97
A= 3.67200E-02 |B= 0.33845 TIME: 08:21:45 Z|A=-3.19114E-02 |B= 0 30509
A= 5.9450BE-02 |B= 0.54020 z |n=-8.29842E-02 |B= @.57978
P AT~
PR S Y S
. S A7 A
- Vo . s
N s N Voo
1 L et L
o L o r
\\-‘. . J-/ \\\\ r!-’,
\i:-...___-—/ “"‘____\____,—;/’
~—— .. o
30.00@ Deg X 100.00 KeU 20.008 Deg X 108.00 KeU
MP1= 1 HP2= 23
S.60 mm CHoriz2 30.@ Deg (Long.»
RFQ RFQ i PMO g PMQO l Pha |Fra § PHQ [PRQ g FHQ | PMG
1 z Ppl4 5 678 g 1o it [ 12 [ 13 [1etbie {17 | 18 [102bz1 [ 22 | 23
—-———T -u::q-‘_“-‘_h_ _F_'_,r""’ ::::
-_‘-\._‘__h__’_,.."'- -7
5.80 mm (Vert) Length= 285.12mm

Figure 9. Matched 75-mA RFQ beam overlayed on matched zero-current RFQ beam followed to input of DTL (Example A).
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BEAM AT MEL1= 1 1= 75.0mA BEAM AT NELZ2= 12
H[a= -2, 1463 B= 0.22322 W= 2.0000 2.000@8 Hel H|p= 5.60134E-02|B= ©.31848
U[p= 2.3782 B= 0.26325 FREQ= 480 .08MHz  WL= 749 .48mm U|A=-7.87284E-02 |B= 0.21325
H|A= -2.1463 B= B.22322 EMITI= 25.000  25.000 700.00 H|A= 8.40425E-02|B= 0.22767
ulA= 2.3763 B= 0.26325 EMITO= 25.060  25.000 700.00 U|A= 1.51550E-02 |B= 9.24681
Ni= 1 N2= 12
i\\
N, PRINTOUT VALUES
A FF PE VALUE
MATCHING-STANDBY ¢(NIT= 18> h/‘ 1 1 5.5000@ Eﬁ“ﬁ
MMFx= ©.196,y= @. T, 1 2 -5.50000
HMFx= ©.0350,y= 0. LIS 1 3 3.70@G00 ,f'
MATCHING-STANDBY . 1 4 11.73000 >
MMFx= @.058,y= @. NI 1 & 11.73000
MHFx= @.049,uy= 0. . “d 1 g 11.73000
MATCHING-STANDBY 1a> 1 11 11.73000
MHFx= ©.040,y= 0.034,z= 8.0835
MHFx= @.846,u= @.023,z= 8.039 MATCHING TYPE = O
MATCHING-STANDBY (NIT= 102> 19.000 mm X 50.800 mrad DESIRED VALUES ¢(BEAMF > 10.900 mm X 50.000 mrad
MMFx= ©.046,y= 0.028,z= 0.030 alpha beta
MHFx= 0.044,y= 0.034,z= 0.038 ¥ 0.0000 0.2232
MATCHING-STANDBY (NIT= 10> Z|A= 5.94500E-02 |B= @.64020 y 0.0000 0.2632 Z|R=-8.29842E-02 |B= 0.57978
MMFx= .B44,g= 0.034,z= 0.038 z D.000® D.6402
MMFx= 0.044,y= 9.034,z= 0.038 z|A= 6.94500E-02 |[B= 0.64020 Z|A= 2.06923E-03|B= 0.59424
MATCHING-STANDBY (NIT= 10> MATCH UARIABLES (NC=6)
MHFx= 0.044,y= ©.034,z= 0.038 MPF MPE UALUE
MMFx= 0.044,y= 0.034,z= 0.038 PR il 1 5 160.000B@ P e,
Matching Varicbles: Pt "'x\ 1 g -160.0000@ e -
172.88 —-165.18 0.11 ®.48 N - 1 7 @.12z22@ i T
0.00  ©.00 T ; 13 3.70000 T 2
. L ) ) 0.00000 A v
- . o
~— ] - D @ 0.@000@ S B
CODE: TRACEZD w52
FILE: EXAHPLEAZ
DATE: G-MAR-97
20.008 Deg X 100. 00 KeV TIME:. 08:25:44 30.000 Deg X 100.00 KeU
NP1= 1 NP2= 23
5.08 mm (Horiz) 30.@ Dag (Long.>
RFQ RFQ I PMO i PO I PHQ | PHMO § PMO |PMO g FMQ [ PMO
1 2 3l 4 5 678 9 10 111 [ 12 [ 13 [ 141616 17 [ 18 [ 192021 [22 | 23
——— - -..q_______,.J—F"'"F—’-—__:-:-:--:.:_:‘ ~ o ,"'.FF-'_ -
N e T
5.00 mm (Vert) Length= 283 .13mm

Figure 10. Matched 75-mA RFQ beam followed to input of DTL both before and after the matching procedure (Example A).
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11.2 Matching Between an 80-MHz RFQ and DTL (Example B)

A different approach to matching between an RFQ and DTL must be used when the
periodicity of the quadrupoles is not maintained between the accel erating structures or when the
two structures have different focusing strengths. Traverse matching will be accomplished by
using the first four quadrupoles of the DTL as matching variables (longitudinal matching will
beignored). Itisnot expected that the solution will be appropriate for other currents or
emittances.

In this example, the frequency is 80 MHz, the energy is2 MeV, and the 100-mA
deuteron beam has a transverse emittance of 60 Ttmm-mrad and alongitudinal emittance of
100 ttkeV-deg. Theinitial step (not shown) was to find the matched beam for the final two
cells of the RFQ and store the beam as we did in the first example.

Next (also not shown), we ssimulated two cells of aperiodic DTL with no energy gain,
using electromagnetic quadrupoles, drifts, and RF gaps. Instead of selecting the conditions at
the beginning of the DTL, we select those at the end of cell 4 and match into a periodic
structure at that point. The energy is2.556 MeV, BA is196.7 mm, EqTL is0.1815 MV, and
the 96-mm quadrupoles have a gradient of 26.2 T/m. The beam energy W will need to increase
to 2.556, and correspondingly, the unnormalized transverse emittances will be reduced. A
matched beam for these two cells was determined and stored as before.

Thetwo RFQ célls, adrift, and the first four cells of the DTL were made into a transport
system as shown in Figures 11 and 12. Noticethat the initial energy is2 MeV and that each
RF gap element has the fourth parameter set for an energy gain. Each cell has been given the
correct total length, but the RF gap is not positioned off-center as it more accurately could be.
BEAMI hasthe correct values for amatched RFQ beam, BEAMF has the vaues of the matched
beam at the end of cell 4 (element 20) and will be used to calculate mismatch factors. The drift
space between the RFQ and DTL is about one BA, adistance long enough to alow separation
of the structures, but short enough to prevent excessive debunching of the beam. The file was
prepared for matching by declaring the matching variables (MPE= 4, 8, 12, 16) and setting MT
= 8. Before matching, the input beam was followed through al the elements and the mismatch
factors printed as seen in Figure 12.

The matching procedure was initiated with the "N" command until convergence was
obtained, and the results displayed using the"T" and "O" commands (see Figure 13). The new
quadrupol e values were displayed using the "V" command following each matching sequence.
The transverse solution is exact. Notice the increase in energy and the apparent decreasein
transverse emittances. Thereis, of course, no change in normalized emittance; the values
displayed by TRACE 3-D are unnormalized.
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UNITS: mm, mrad, T/m, mA, MU/m FILENAME: EXAMPLEB
ER= 1875.60000 0= 1. W= 2.00000 XI= 100.000
EMITI= 60.0000 60.0000 1000.0000
BERAMI = 3.1140 @. 7536 -2.6202 @.5789 0.1210 B.5687
BERMCI= 0.0000 Q.0060 0.0000 0.0003 0.0000 D.0000@
BERMC = D.0000 0.0000 ?.0000 0.0000 0.0000 0.0000@
BEAMF = D.000@ 0.4154 0.0000 1.3289 0.0000 0.357@
FREQ= 80.0@0, POEXT= 2.50, ICHROM= O, IBS= 0 XC= 0.00
XM= 14.@, XPM= 60.0000, VYM= 20.8, DPM= 30., DWM= 100., ODPP= 30.
Ni= 1, N2= 20, SHAX= 5.8, POSMAX= 2.0
NEL1 = 1, HNEL2 = 28, HNP1 = 1, NP2 = 20
NPRIN= 6 IJPRINCI,Jd>= 1 11 21 61101 14 1 18 @ @00 20 D@ 0
MT= 8 NC= 4 LOC= @ 0} o}
MPCL,N> HMPC(2,N)> UVALUE MUC VALUE
1 4 -26.20
1 8 26.20
1 12 -26.20
1 16 26.20
n NT(n> Adl,n> AC(2,n> A{3,n> Ad4,n> ACS,n>
RFQ 1 11 -0.7100 110.4000 86.4400 -28. 7000 D.0000
RFQ 2 11 a.7100 110, 4000 86.4400 -1S0.0000 D.6000
3 1 173.0000
Quad #1 4 3 -26.2000 96 . 0000 D.0000 D.0000 D.0000
5 1 39.7580
RF Gap 6 10 @.1815 -40.0000 D.0000 1.0000 0.0000
7 1 39.7500
Quad #2 2 3 26.2000 96 . 0000 0.0000 ?.0000 0.0000
Q 1 42 . 7400
RF Gap i@ 18 0.1815 -40 . 0000 D.0000 1.0000 D.0000
11 1 42.7400
Quad #3 12 3 -26.2000 96 .0000 2.0000 ?.00800 D.0000
13 1 43.7400
RF Gap 14 N 0.1815 -40. 0000 0.0000 1.0060 D.0000
15 1 45. 7400
Quad #4 16 3 26.2000 95.00006 2.0000 0.0000 2.0000
17 1 48.7300
RF Gap 18 10 B.1815 -40.0000 D.3060 1.6000 @.0000
19 1 48,7300
20 3 -26.2000 48. 0000 0.0000 0.0000 @.0000
This is EXAMPLE-B in the TRACE-3D Documentation Manual

Figure 11. Datafile for the initial conditions of Example B displayed using the " P" command.
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MMFx= ©.795,y= 1.036

&

BEAM AT MEL1= 1 I=  100.0mA BEAM AT NEL2= 20
A= 3.1140 B= 0.75360 W= 2.0000 2.5563 Mel H[p=1.4524 B= ©.77238
A= -2.6202 B= 0.57800 FREQ= 8@.@@0HHz  WL=3747.41lmm U|A= -1.9494 B= 3.0656
EMITI= 608.00@ ©0.000 1000.00
EMITO= 52.@67 S53.067 1000.00
Mi= 1  N2= 28
JJ'->
’
S PRINTOUT VALUES
o, PP PE VALUE .
p ’ 1 1 -2.7100@ I ey
? 1 2 2.71000 — +— =
/ N 1 5 8.18155 <::_.,_ﬂ—~‘5\\3
S 1 10 ®.18155
I 1 14 ®.18155
L 1 18 @.1£155
MATCHING TYPE = 3
DESIRED UALUES (BEAMF )
14 . 000 mm X 60.02@ mrad alpha beta 14.000 mm X 60.000 mrad
x @.0000 0.4154
y ?.0000 1.3289
A= ©.12100 B= 0.56870 Z|A= -1.3623 B= 0.46309
MATCH UARRIABLES (NC=4) R *
MPP MPE UALLE P [
1 4 -26.20000 L !
T T T~ 1 g 26. 20000 , !
P ~. 1 12 -26.20000 P /
S N 1 16 26. 20000 /
! B 7 s
y
N [ I P
N K CODE: TRACE3D u59 /
S - FILE: EXAMPLEB ’ e
Tl - DATE: 6-MAR-97 ; e
TIME: 11:@@:23 A
!
: -~
5\_-(_,1
30.000 Deg X 180 .00 Kel 30.000 Deg X 18@.00 KeU
NP1= 1 NP2= 20
20.00 mm (Horiz) 30.0 Deg CLong.» "
RFO RFQ a § 0 i ] § Q § i}
1 2 3 4 587 3 a1bi1 12 131415 16 171610 | ze
PR .,/d- - U= T “"'~~
e e .
- —— o ..
e e .
e e o
20.00 mm (Vert) Length= 11%1.E0mm

Figure 12. Graphic display for the initial conditions of Example B when beam is followed from the RFQ to the end of cell 4 of the DTL without
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matching.
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MMFx= ©.795,y= 1.036

MATCHING-STANDBY {NIT= 1@)
MMFx= @.795,y= 1.836
MHMFx= @.033,y= 0.268
Matching Variables:

-22.48 27.48 -19.71
MATCHING-STANDBY (NIT= 10)
MHFx= @.0833,y= 0.263
MMFx= 0.000,y= 0.009
Hatching Variables:

-23.44 28.11 -22.48

24, 4

25.23

cxrex

Z
Z

BEAM AT NEL1= 1 I= 10@.0mA BEAM AT NEL2= 20
A= 3.1140 B= 0.75350 H=  2.0000 2.5563 Mel H|A= 1.4524 B= @.77238
= -2.6202 B= @.57200 FREQ= 80 .00MHz  WL=3747.41mm U|A= ~1.9494 B= 3.0656
A= 3.1140 B= ©.75360 EMITI= 6@ .G0B 60.008 1080.00 H|A= 1.65552E-06|B= 0.41540
A= -2.6202 B= @.57890 EMITO= 353.067 52.067 1000.00 U[R= 7.08713E-08 |B= 1.3230
Ni= 1  N2= 20
-~
- ,f' PRINTOUT URLUES
oy PP PE VALUE .
/ 1 1 -p.7i00@ h e
I's - —_— -, -
(\\\> 1 2 0.71000 s T= -
s i 6 0.18155 eIl TS
S 1 1@ 0.18155
F 1 14 @.18155
[ 1 1g 0.18155
MATCHING TYPE = &
DESIRED UALUES (BERMF )
14.008 mm X 6@.080 mrad alpha beta 14.000 mm X 60.000 mrad
x ?.0000 0.4154
y 0.0E0Q 1.3289
A= ©.12100 B= @.56870 Z|p= -1.3628 E= @.46809
MATCH VARIABLES (MNC=4) ey
A= ©.12100 B= 0.56870 MPP HPE VALUE Zlp= ~-1.1866 Bs-1. 42931
1 4 -26,20000 y ¥
T T~ 1 8 26.20000 Vs /
L7 ~. 1 12  =26.20000 J, I
s . 1 16 26.20000 #
] S &
] y - i
|
AN A CODE: TRACE2D uSg 2 &
~ - FILE: EXAMPLEE 4
- - 'I'
R I DATE: 6-MAR-97 / &
TIME: 11:00:23 M rd
1
f\k_//
30.000 Deg X 182.90 KeU 30.000 Deg X 100.00 KeU
NF1= 1 NP2= 20
20.00 mm (Horiz) 30.0 Deg (Long.> " e
unmatchead
atche
vj\\-——ﬂ.'
RF Q) RFQ 0 G § ] g a § ]
1 z 2 4 587 a1bit 12 131415 1€ 171k1g | 20
e P ,J:::* """ e =TT TR matohed
labeinid Tl e R STy L P
-\.__._ Iﬁ"‘ "g_" e
~- PrS] N
-».__‘_‘__-"-‘ ’ “\-
unmatehad
20.089 mm (Vert) Length= 1131.8@mn

Figure 13. Graphic display showing both the initial conditions of Example B and the final conditions after matching.
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11.3 High-Energy Transport with Offset Beam (Example C)

Example C shows the transport of a6.7-MeV proton beam, modeling "shaker" magnets
to deflect the beam centroid with the purpose of rastering a 32x32-mm beamspot up to
250 mm in both transverse planes on the face of atarget. This modeling is done by using the
rotate/trandate element to provide akick to the beam in both X' and y'. The datafileis shown in
Figure 14, obtained by issuing the "P* command, and the graphics page is shown in Figure
15, obtained by issuing the "G" command. The graphic output shows that the beam centroid
is deflected by 250 mm in both the x and y planes at the position of the target (end of beamline,
element 17). The beam centroid is shown by the darker profile; the centroid coordinates were
displayed using the "*" centroid command. Notice that the centroid profile hasits own scale,
modified by input parameter XC. This example aso shows the use of different scalesfor the
initial and final phase-space ellipses. The modified beam matrix was displayed using the "Z"
command, showing the beam size at the target to be 32x32 mm in the x-y plane. This beam
size was achieved by using the matching procedure for match type 11 (fitting to specified
o-matrix elements) and varying two quadrupoles in the beamline.

UNITS: mm, mrad, T/m, mA, MU/m FILENAME: EXAMPLEC.NEW

ER= 038.279686 0= 1. MW= 6.70482  XI= 8.940

EMITI= 1.3301 1.3400 159, 7080

BEAMI = -3.5500 1.0830 2.2600 ®.5960 0.2400 0.4128
BEAMCI= ?.0000 9.00080 0.0000 0.0000 0.0000 @.0000
BEAMC =  249.99384 66.7687 -250.0002 -74. 8325 0.0000 0.0000
BEAMF = ®.3654 §.7756 -4.8946 6.5124 -1.3950 0.5944
FREQ= 350.080, PQEXT= 2.508, ICHROM= @, IBS= @ XC=275.00

XM= 2.8, XPM= 6.0080, YM= 8.8, DPM= 20., DWM= 3@., OPP= 180.
Ni= 1, N2= 17, SMAX= 25.0, PQSMAX= 2.0

MEL1 = 1, MNELZ = 17, NP1 = 1, NP2 = 17

NPRIN= 5 IJPRINCI,J?=1 91 1@ 111112113 @ @@ 00 00 00 0
MT= 11 NC= 2 LoC= ] 0]

MPC(1,N> MPC2Z,M)  VALUE Muc VALUE
1 6 14.42
1 8 -13.50

n NT¢ny  ACL,n> Ac2,n> AC3,nD RC4,n> ACS, N
1 1 140.0000

2 2 17.9008 122.4000 0.0000 0.0000 0.0000
3 1 245.0000

4 3 -17.4000 122.4000 ?.0000 0.0000 0.0000
5 1 500.0000

6 3 14.4183  122.4020 @.0000 0.0000 ©.0000
? 1 120.0000

8 3  -13.4997 122.4000 0.0000 8.0000 0.0000
g 1 240.0000

Rot z-x 18 15 -1.@886 2.0000 ?.0000 ?.0000
11 1 400.0000
Rot y-z 12 15 -1.@886 2.0000 0.000@ B.0000

13 1 300.0000

14 3 4 .4392 240 . 0000 0.0 B.0000 D.0000
15 1 77.5000

16 3 -11.2211  240.0000 0.0000 0.0000 ®.0000
17 1 3500.0000

Figure 14. Datafile for transport system for Example C using the "P" command.
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BEAM AT NEL1= 1 I= 2.0mA BEAM AT MNEL2Z= 17
H|A= -3.23800 B= 1.0830 U= 6.7048 6.7048 MeU H[p= -207.67 B= 763.85
Ulp= 2.2600 B= 0.59600 FREQ= 350.08MHz  WL= 356.53mm u|lp= -228.73 B= 764.15
EMITI=  1.330 1.348 159.70
— EMITO=  1.320 1.340 159.70
N Mi= 1 M2= 17
N
oo PRINTOUT VALUES
3 FP PE UALUE
\ N a  240.00200Q
1 1im -1.98862
\/\I_ 1 11 400.00000
\ 112 -1.08862
~ . 1 13 300.00000
EEAM OUTRUT AN M
CENTER:x= 249.9984 66.7687 St MATCHING TYPE = 11
y= -250.0002 -74.3325 DESIRED MODIFIED BEARM MATRIX
z= 0.0000 0.0000 511 = 32.00000
2.008 mm X 6.000 mrad 532 = 32.00000 50.000 nm X 25.000 mrad
MATCH VARIABLES (MNC=23
) Z (A= 0.24000 B= 9.41280 MPF MPE UALUE Z|A= 93.948 B= 147.19
Final Mismatch= 0.0000 . 1 3] 14.41877
e . 1 8 -13.49966
r Y
¢ N \
L
¢ \ CODE: TRACE3D w59
MODIFIED BEAM MATRIX | \ FILE: EXAMPLEC.NEW \\
tnm, mrad, 8dp/p? | | DATE: 7-HAR-97
31.9998 3 : TIME: 10@:22:55 Sy
3.6321 200 4 | .
32. 0000 0.000 i h
9.5783 0.008 1.000 v )
43.3771 0.000 ©.000 | ©.000 s /
@.7324 o.000 ©0.@00 | P.P0@ 1.08B9] ¢
20.000 Deg X 30.80 Kel 120.000 Deg X 200.00 KaU
NP1= NP2= 17

.00 mm (Horiz) 130.0 Deg (Long.)
275.00 mm (Centroid Scalel

-, L
&S -

|i| ;'""I‘ﬂ? |8_| TRV
I/J- \\\

F275.00 mm (Centroid Scale? \
8.080 mm (UVert) y

Length= G492, 1@nm™

Figure 15. Graphic display for transport system for Example C.
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APPENDIX A: THE o-MATRIX

The general equation for an n-dimensional ellipsoid may be written as

where u, denotes distance along the kih coordinate axis. (In TRACE 3-D, nis6 and the
coordinatesarex, X, y, y', z and 47). There are two coefficients for each ui; product when

i #], namely a;; and a;;, Because only the sum a;j + a;; isimportant, we can define gjj = g;;
without losing any generality, and express the ellipsoid equation in matrix form. Let U bethe
column vector of the coordinates,

e
IO O0m

(L]

and 0! represent the symmetric coefficient matrix,

a1 a2 - - - - Qn

dp1 a2 - - - - Qaxp
ol =

any a2 - - - - @pn

The reason for defining this coefficient matrix to be o™ rather than o will become apparent
later.

The elipsoid equation in matrix formis
Ulolu=1

where UT isthe transpose of U. For thisto represent an n-dimensional elipsoid, al of the
diagonal elements of the o™ matrix must be positive.

Let 01'1 represent amatrix that defines a particular ellipsoid, and let U4 be any point on
the surface of the ellipsoid. Then

UlT Gl_lul =1
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Let R be the transfer matrix that transforms point U, to point Uy:
U2 = RUl
The point U, will lie on the surface of another ellipsoid having the coefficient matrix
0,1, Thefollowing matrix manipulations show how to obtain g5 from ;! and R:

UlT O-l_]Ul =1 ,

-1
UR(RT) "o 'R*RU =1
and

(RU)T(RT) "o 'RY(RUy) =1

I (RoRT) U, =1
Thisisthe equation for the second elipsoid, with

oyt = (RalRT)_l
or

0, = RalRT

Meaning of o-Matrix Elements
Define afunction
f(U)=UTo™U
The condition f(U) = constant defines the surface of a hyperellipsoid (if all diagona
dementsof o are positive) and f(U) = 1 defines the surface of the particular hyperellipsoid

discussed above. At any point U, the gradient of f(U) isavector normal to the surface of the
hyperellipsoid passing through U.

The gradient in n-dimensional space is defined as

n
0f = Ziak ,
kzlduk
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where U, isthe unit vector along the kih coordinate axis. Writing f(U) in terms of the matrix
elements,

f(U)=3

n
j=1i=1

gjuu;
thegradientis

n n n D\
Of (V) = kglgzlalquj + iglaikq H,Ik

Because & = &; and Uy isacolumn vector whose only nonzero element isa 1 in the kih
row, the gradient of f can be expressed in matrix notation:

Of (U)=207U

At the point Uy on the surface at which the kth coordinate has its maximum extent, the
gradient is parallel to {4 and has a magnitude (unknown) of [Of (U )|. Then:

J_1Uk = %‘Df (Uk) l]k ,

from which

1
Uk = E‘Df (Uk)

ol ,
and
1 R
U|-(r = E‘Df (Uk)‘(ouk)-r .
For the hyperellipsoid for which f(U) = 1,
1=U] o7y,

= %‘Df (Uk) ZOIOﬁk

1 2
where gi is the kih diagona element of the o-matrix. The magnitude of the gradient at Uy is

OfU)[=2 Vo

and the point on the surface at the maximum extent in the kth direction is

TRACE 3-D Documentation 68



LA-UR-97-886

Uy = ol /\ 0
Theterm Uy isthe kth column (and, because o is symmetric, the kth row) of the o-matrix
divided by \/Tkk In particular, oy isthe square of the maximum extent of the ellipsoid in
the kth direction, and 0y // 04 (and oy /[0y ) isthe value of the ith coordinate at the

maximum extent in the kih direction. Each off-diagonal element is therefore related to two
diagonal elements, and sometimes they are written as

Oik = Ok =Tik\/ Oii\ Ok

whererjy isreferred to as the correlation coefficient.
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APPENDIX B: TWISS PARAMETERS AND THEIR RELATIONSHIPS
TO o-MATRIX ELEMENTS

The ellipse equation often used in beam-dynamics calculations is:
2 +2axx +B(X)? =€
where € = E/m, the emittance (areaof the ellipse) divided by 77 and 8 and yare positive

guantities. Inthisform a, B, and yare called the Twiss or Courant-Snyder parameters and are
related by:

By-a?=1.

The ellipse intersects the positive x-axisat x, = \/&/y and the positive X-axis at
X =+/&/B, as sketched below.

The product of x; and X;,, the maximum extent of the ellipse in the X'-direction, is equd to &,
SO X, = \/75 Likewise, X, = \E At the point on the ellipse at which X' = x,,, the x-
coordinateis x, = —a+/e/y, andat X=X, X.=-a./&/B. Therefore,

X X

For the ellipse shown above, a is positive.
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Relationship Between o-Matrix and Twiss Parameters

The 6x6 o-matrix can be partitioned into nine 2x2 submatrices:

Oxx Oxy Oxz

o= ny Uyy Uyz

Ozx Ozy Oz

The oy, 0Oy, and o, submatrices are related to the Twiss parametersin the x-x', y-y', and z
407 planes, respectively. In Appendix A, it is shown that the six diagonal elements of the
o-matrix are the squares of the maximum extent of the ellipsoid in each of the six directions,
and that the g;; isthe product of the maximum extent in the jth direction and the value of theith
coordinate at that maximum extent. Then

2
Xm  XXm

1 ! 2
XX (Xin)
Using the relationships derived above for a, 3, and y,

'BX‘EX —0y X% Xm

— 0 % Xm Yx€x

where the subscript x has been appended to a, 3, y, and € to denote properties on the x-x
plane. Because XX, = XX, = &, thisreducesto

Béx —QyEy

—0,E& Yx€x

having a determinant
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APPENDIX C: MISMATCH FACTOR

Asthe name implies, the mismatch factor is a quantitative measure of the difference
between two ellipses having the same area and the same center. If the two ellipses are not
identical, one elipse could be enlarged so that it just encloses the other elipse; the amount of
enlargement isrelated to the mismatch factor.

Oneway of looking at the problem is as follows (see Figure C-1): Firgt, find the
transformation that maps one of the ellipsesinto acircle, and apply the same transformation to
the second dllipse to get amodified ellipse. Denote the radius of the circle by R and the length
of the mgjor semiaxis of the éllipse by Re. Because the ellipse and the circle have the same
area, Rg will be greater than or equal to Rc. The mismatch factor used in TRACE is.

Periodic beam-transport systems have matched conditionsif they are stable. That is, if
one matches a beam to the transport system, and if one could measure the size of the beam at
the same location in each period of the system, then one would see a constant beam size. A
mismatched beam would oscillate about this matched size, and at some places the beam would
be larger by afactor of 1 + M. For example, amismatch factor of 0.1, defined as above,
would mean that the beam would occasionally be 10% larger than if it were matched. An
example of two ellipses having a mismatch factor of 0.1 is shown in Figure C-1.

Figure C-1. An example of two ellipses having a mismatch factor of 0.1, shown before (a) and after
(b) being transformed to a coordinate system in which the solid ellipse is a circle.
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A word of caution isin order. It isquite common in the literature for the mismatch factor
to be defined as ( R/ R:)2 -1, which relates to how much the area of the circle would have to
be increased to enclose the dlipse. If this definition is used, one would calcul ate a mismatch
factor of 0.21 for the example given above.

The mismatch factor (as defined above) between the two ellipses

2 +2axx +B(X)* = ¢

and
G2 +2Ax +B(X)* = ¢
isgiven by
2
M:@(R+\/R2—4)ﬂ -1,
E2 E
where

R=BG+By-20A
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APPENDIX D: RMSEMITTANCE AND THE EQUIVALENT
UNIFORM BEAM

The TRACE 3-D code computes the evolution of the o-matrix elements, given their initial
values. The user normally specifiestheinitia conditions by specifying the values of the
emittances and Twiss parameters in the three planes. Computing the o-matrix elementsis
equivalent to computing the second moments of the phase-space distribution or the rms
envelope sizes (and their derivatives).

The space-charge calculation in TRACE 3-D is based on the results of Sacherer,” which
are asfollows:

1. Theevolution of the rms envelope depends only on the linear parts of the space-
charge forces, where the force constants are determined by |east-squares fitting.

2. Theleast-squares space-charge force constants depend primarily on the second
moments of the charge distribution and very little on the details of the distribution.

The above assumes the external (focusing) forces are linear.

Let us define the mean value of a quantity g defined on 6-D phase space by g = IgfdGV,
where the distribution function f is normalized so thati fd®v =1. Then thermsvalue of x,
for example, is the square root of the second moment x2.

The evolution of the o-matrix elements depends on the quantities ui_EJ , Where y;
represents the three coordinates x, y, and z, and where the E; represents the three components
of the space-charge electric field E,, E,, and E,. Now fit the electric field to alinear model
(Ex = kX, and similarly in the other planes). Choose the constant k, by minimizing the least-
squares residual (E, —k.x)°. Theresultis
XEx

X2

k=

which establishes the first of Sacherer's results since the quantity XE, , which occursin the
evolution equation, can be replaced by k, x?. Thisresult isvalid for one, two, and three
degrees of freedom.

* F. Sacherer, "RMS Envel ope Equation with Space Charge," CEPN/SI/Internal report 70-12, Geneva,
Switzerland (1970).

TRACE 3-D Documentation 74



LA-UR-97-886

Sacherer showed his second result by computing the field constants for several different
charge distributions. He found that the field constants for the various distributions, which
differed in shape but had the same value of second moments q—u] , were very nearly equal.
(Thisagainisvalid for one, two, and three degrees of freedom.) TRACE 3-D usesthisfact by
computing the field constants assuming a charge distribution that is uniform in an élipsoid in x,
y, and z, and has the correct rms values. In this case, thefields are linear, so the least-squares
formula above becomestrivial. The least-squares constants are just the linear Taylor-series
coefficients. Because of Sacherer'sresult, it isnot necessary that the TRACE 3-D model
preserve the uniformity of this equivalent uniform beam. At each integration step, the code
computes the field constants assuming a new uniform in beam x-y-z that has the correct second
moments.

Because the fields assumed in TRACE 3-D arelinear, if we fixed the field constants, we
could multiply all six phase-space variables by the same constant and get the same results (after
unscaling at the end). But, of course, the code computes the space-charge field constants from
the beam size. Therefore, it isimportant that our equivalent uniform beam has the same second
moments for the spatial coordinates as the beam we are trying to simulate.

For a charge distribution that isauniform ellipsoid in X, y, and z, the second moments
are one-fifth of the maximum values. We can see this by computing, for example, the
following:

o 1 ‘\“1— Fa \/ m

1
XZ:%Ldz J’ dy ‘Idxxzz

R N B

gl

Here, the variables are normalized by their maximum values.

If we have a description of abeam in terms of its rms values, we must multiply the
spatial coordinates (x, y, and 2) by /5 to get an equivalent uniform beam that gives the correct
gpace-charge field constants. But to preserve the form of the evolution equations that the
TRACE 3-D code numerically integrates, we must aso multiply the angle coordinates (X, Y,
and Z) by the same factor of /5. Beam emittances are areasin 2-D projections of the 6-D
phase space onto the planes (x, X), (y, ¥), and (z, Z). This means the uniform equivalent beam
that TRACE 3-D requires has emittances that are five times the rms values.
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APPENDIX E: FIELD FORMULA FOR THE PERMANENT-MAGNET
QUADRUPOLE (PMQ)

The PMQ field formulae are obtained from the referenced paper” to which we refer the
reader for further discussion and for the assumptions under which the formulae are valid. The
formulae are based on the rare-earth-cobalt (REC) quadrupole of the standard design using
trapezoidal blocks as shown in Figure E-1 and are derived using a semi-infinite model with a
flat-cut end (Figure E-2).

Y

e —
N

AP,
<

Z
Figure E-1. Cross section of segmented Figure E-2. Cross section through semi-
REC quadrupole (beam perpendicular infinite REC quadrupole (beam in

to drawing plane) drawing plane).

Thefringefield to first order isas follows:

where the gradient G(2) is expressed in terms of the peak value Gy timesthe fringe-field
function F(2):

6(2)= GF(2)

Gg refersto the maximum magnetic field gradient (the same asthe TRACE 3-D PMQ
gradient input value B'), which is determined by dividing the total integrated field gradient by
the physical length of the magnet. The fringe field function F(2), as shown in Figure E-3, is
given by the following:

* K. Halbach, "Physical and Optical Properties of REC Magnets," Nucl. Instrum. Meth. 187, 109-117 (1981).
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01 10W203(0f + vy, + U2 +4+8/0,0,)

1
F(Z):igl‘é%:*z% "0,

(H
[T
H

where
-1/2
b = EDJ.+ Dzﬁg
s EFE@ iz 1.2,

Go =2BCy(Yry~1r,)=2G(0)=G(-) ,

B = magnitude of remnant magnetization of REC material,
r, = inner radius of quadrupole,

r, =outer radius of quadrupole,

C, =sdn (3rM)/(37M), and

M = number of trapezoida blocks composing the magnet.

F(z)

Figure E-3. Quadrupole fringe-field function. Note that F(-z) = 1-F(2).

Tofind the fringe field for a quadrupole of finite physical length |/, a second semi-
infinite magnet of opposite sign is superimposed on the first semi-infinite magnet with a
nonoverlapping distance equal to | ;. Thefields are added, resulting in the fringe field as

shown in the lower portion of Figure E-4.

For doublets, triplets, or any combination of PMQs, the total fringe field G, is found by
summing the individual gradients G(2) asfollows:
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SEMI-INFINITE MAGNETS
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02000002 %0% %
otelelelete %%
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02020 20%0%!
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o
)

O

Fringe Field

% Magnetic Material

PERMANENT MAGNET QUADRUPOLE

NN\ \/
B
0.0 0.0,

0.5+ Fringe Fileld

F(2)

- 7

Figure E-4. Two semi-infinite magnets, nonover lapping (offset) by Ip, resulting in a fringe field for
the PMQ of length | .
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APPENDIX F: EMITTANCE INCREASE IN AN RF GAP

Weiss' has calculated the increase in the rms emittance of a bunched beam as it crosses
an RF gap. The gap istreated as athin lens, and the impulse coefficients are given in Section
6.10 of thisreport. The emittances increase because the transverse impul ses depend on ¢, the
phase of the RF when a particle arrives at the gap, and @differs from one end of the bunch to
the other. The transfer matrix is cal culated assuming that the phase is constant at ¢, the phase
when the beam center is at the gap.

At the gap, the x-coordinate is unchanged and the x'-coordinate is changed by

Xe =X +kxsng
where

n=(By),/(By); .

- tiET
myc’B VZ(BV)M

and where thei and f subscripts denote initial (before the gap) and final (after the gap) values,
and the bars denote average values.

The second moments before and after the gap are related as follows:

v2 — 2

Xi =X

X7 = nPx? 420K XX Sn@+K SN’ g
and

XX = XX +K X’ sing .

Assuming that @is uncorrelated with x and X', the averages are given by

X’sing=x’sing.f(Ag)

xxsng=xxsngf(4¢) ,
and

*

M. Weiss, "Bunching of Intense Proton Beams with Six-Dimensional Matching to the Linac Acceptance,”
CERN/MPS/LI report 73-2, Geneva, Switzerland (1978).
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2 ainl

x2sin? o= xg(@,49) |

where Ag isthe haf-width of the phase spread,

15 3 [snAg O ApU
flA Ao——
(49) (09f HogP B e 70 a9 B

and

o(e.A¢)= %[1+ (sin® . —cos? @) f (ZAqo)]

inthelimit when Ag - 0, f(4¢) - 1, and o(@,,A¢) - sin’ @, .

Substituting the above averages into the equations for the second moments,

x? = n?x2 +2nk.sing, [ (Ap)x X + kg( @, Ag)x
and

Xexp = %% + K sing, T (Ag)¢
If the original equation for x; isreplaced by
X; =% +K.sng,[F (Ag)x
then one obtains the above second momentsif aterm Ax_'f2 is added tox_;z, where
AP =2 (o @, A9) ~sin? g, T 2(A9)] 2
Theincrease in the square of the rms emittanceis

If the center of the beam is displaced from the axis by a distance &, the emittance growth
isincreased further. Infact, if the beam is off-axis by one rms width, the emittance growth
doubles over that of an on-axis beam. Theincreasein x!* isgiven by
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27 =Ko 40) - sin® @ T2(4g)| ¥+ £2)

Theincrease in the longitudinal emittanceis calculated in asimilar way. Inan RF gap,
the longitudinal force constant is

k=-2Ky" .
Thisvalueis multiplied by
O (Ae)O
EL+( 9 O,
o 12 g
and (Ap/p)° isincreased by
Daprt »tos’ @ Apsing.O0
A =k (Ap)'Z e =0 .
Hp H A q’)ZH 8 | 516
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APPENDIX G: ELECTROMAGNETIC FIELDS IN CYLINDRICAL
CAVITIES

For cylindrical cavities resonating in the TM ;o standing-wave mode, the only nonzero
components of the electromagnetic field are E;, E,, and Bg, and these quantities are independent
of 8. The stationary solutions have a harmonic dependence on time; therefore,

E,(r,zt)=E/(r,2)sinat ,
where wisthe angular frequency of the standing wave. Theterm E,(r,z) can be expressed by

aFourier seriesinz. Let L denote the length of the cavity, and take the origin of the
coordinate system to be at the center of the cavity. Then

E,(r,2) = > %m(r)cosm—liu+bm(r)si m_:zg :

We now restrict ourselves to consider accel erating structures operating in the Temodein
which aternating cavities are 180° out of phase (one complete period consists of two cavities).
We aso assume E; to be symmetric about the center of the cavity. These restrictionsimply that
bn=0for adl m, and a,,=0 when miszero and even integers. Then

Ii(r,z,t):Zam(r)cosm—liusinwt , m=135..

Inserting this expression into the wave equation

325+13|:7+52F72102F7
0z r or  or* c® ot

we obtain
Etjzam 1dam 2 0
Gt +=—M - 0,
%Ddr2 rodr kmam%':
where

*

H. G. Hereward, "The General Theory of Linear Accelerators,” in Linear Accelerators, P. N. Lapostolle
and A. L. Septier, Eds. (North Holland Publishing Co., Amsterdam, 1969), and

L. Smith, "Linear Accelerators,” in Hanbuch der Physik (Springer Verlag, Berlin, 1959), Vol. 44.
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cmmrf
ke = .0

Owrf _ omarf _ QLﬁ
0L 0 0 O 0O -

OcO 0L

Each term in the above sum will be zero if

8, = Anlo(k.r) when K320,

and
an = Audo(kar) when K2 <0,
where Jy is the standard Bessel function of order zero, and lg isthe modified Bessel function

of order zero. Thevalueof k? will normally be positive (although if L> A/2, k’ will be
negative), thus the modified Bessel functions will be used below.

Having obtained an expression for E,(r,zt), similar expressions can be obtained for

E (r,zt) and B,(r,zt) by using the Maxwell equations

and

For our particular geometry and symmetry assumptions, these equations reduce to

10 OE,

_ r = —_— & ,

r dr( Er) 0z
98, __108
0z cat

and

10 10E
ro"r(rB) c?

The results, which can be verified by using the recurrence formula,

|4@+x£34@:x%u),

ae

E(rzt)=3 Aﬂlo(lgnr)cosm—liusinax :

m
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E(r,zt) :Z (Ignr)snm—l_nzsnax :

m

and

(kmr) cosTnZ cosat .

,(r,z,t) = Z

m

The Ay, coefficients can be determined for a particular geometry by Fourier analyzing the
E(r, 2) values calculated by SUPERFISH. The results are usually normalized so that the
average axia accelerating field Eg is1 MV/m, where

L/2
1/

——J’I;Oz

12

The field components are linearized by replacing 1,(kr) by Land 1,(k.r) by k.r/2.
Also, substituting 2rc/A for wand gfor wt, the linearized components are

E(r.z¢) = EOZAmcos—sm(p :

E(r,z0)= EOZAn—Snm—:ZSln(ﬁr ,

and

B,(r,z,¢) = EOZAn—cos—COS(pr :

In moving adistance As through a constant accelerating field E,, the energy of the beam
changes from Wto W + AW, where

AW =EAs .
The average energy over the distance Asis
W=W+AW/s .

The change in the x-component of the normalized momentum that is due to constant E;
and Bg fields applied for adistance Asis
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A(By), = g4s ~(E -v,B,) x/r

mc’
TEBEO%SZAH Sln—sm(p gCOS%COS(pD(
:kxx ,

where 3 isvic for particles having energy W. Theimpulse coefficient ky isidentical to ky.

The changein A([iy)z caused by aparticle arriving at a particular location in the cavity
when the RF phaseis ¢+ A rather than @ is

_04s dg

AlaBy).] = 75 ae

The longitudinal displacement, Z, of a particle from the center of the beam is related to the

phase displacement Ag by

Z =—-BAA@/2mT ;

so the changein A(By), is
A[A(,By)z] =k,

_ _2mAsE mrz
= rrchAZAmZCOS i cosqo

In this appendix, z denotes the longitudinal displacement from the center of the cavity,
and Z denotes longitudinal displacement from the center of the beam ellipsoid.
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APPENDIX H: COUPLED CAVITY TANKS

A tank element implies a sequence of identical cylindrical cavities, coupled in some way
to permit power flow. Thefieldsin adjacent cells (cavities) are assumed to be 180° out of
phase, and a standing-wave TMg;0 mode is assumed. Tank transformations are valid when the
beam velocity does not change appreciably as the particles go through the tank, and the time-of -
flight through two cavities is approximately one RF period. In this case, the detailed shapes of
thefieldsin a cavity are not very important as long as their averages over one cavity (or ahalf-
cavity) are correct.

A reasonable approximation for the longitudinal electric fieldis
Ez(r,z,t)zAIO(kr)cos%sina)t ,

where

2 - ond _ent?
0.0 Ox O

Thisisthefirst term in the Fourier expansion for E,(r,zt) givenin Appendix G. A quantity
whose valueis usualy specified for atank is EqT, the effective accelerating field, the product
of the average axia-electric field and the transit-time factor. This quantity is defined by

L/2

1
EoT =1 I[EZ(O, z)cos(z/L)]dz .
-2
Putting in the assumed form for E,, and integrating, we find
A=2E,T .
The three nonzero field components are
E,(r,zt) = 2E,Tlg(kr)cos(rz/L)sinat

E (r,zt)= 27'l1<IIE_OT l(kr)sin(rz/L)sinat |

and
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By(r,zt) = Zi%'lz'w |1(kr)cos(rz/L)cosaut

where w=2rc/A isthe angular frequency of the RF and z=0 at the middle of a cavity.
Using the assumptions mentioned earlier, «t can bereplaced by mz/L + ¢+ 112, where @ is
the phase of the RF when the center of the beam arrives at the beginning of the cavity. Then

cosat = cos(rz/L)cos(@+ r2) - sin(rz/L)sin(¢+ 17/2)
= —cos(mz/L)sing—-sin(rz/L)cosg ,
sinat  =sin(mz/L)cos(@+ m/2) +cos(rz/L)sin(¢+ 11/2)
= —sin(rz/L)sing+ cos(rz/L)cos@ .
The calculation of the averages of the field components over each half of a cavity

(assuming r is constant) involves finding the averages of cos*(rz/L), sin?(rz/L), and
sin(rz/L)cos(rz/L). Over thefirst half of acavity (-L/2<z<0),

cos?(mz/L) =sin®(mz/L) =12 ,

sin(rz/L)cos(rz/L) = -y m .
The average, linearized, field componentsin thefirst half of a cavity are

O g1 2 O’
—__ﬂE0T|:pOS§D+Sin(p
En L U 2

B = NEGTB [Lose _sing
N7 el Orr 2

where we have used L =84 /2. The change in the beam energy in thefirst half of acavity is

AW, = qE, L/2

_ [cos@ , sing[]
=05 TL 5 +_n a-
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The average energy in thefirst half is assumed to be

W, =W+ AW,/2 |

where Wis the energy at the beginning of the cavity. The average normalized velocity is ,8_1
caculated from W, . The averageradia forceis

Fri= (Erl /310591) ,
so the change in the x-component of the normalized momentum is

A(.By)x = KX

ey T

chzﬁl% *h )COS(P (1_3—12)9%P§< '

The vertical impulse coefficient, k, isthe same as k. In the above expression B, should
actualy be 8,3, where 8 =2L/A, but the assumptions imply that B, =3

The changein A(By), caused by aparticle having adisplacement Z from the center of
thebeamis

A[A(,By)z] =k, 7

qL JE, dgp -
2rrbc B, d¢p oz

_ QrEgT [(sing _ cosgrl,
myc?B, U 2 m ’
where

z :—LAqo :
T

In the second half of a cavity, the averages of the field components are

ZEOTEpOS(p sm(pg

E,= _ TEpT [xos@ _sing
L UOnm 2 '
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5 _ TIPS [Xosg sng
Bg2 =
ct Um 2

The energy change in the second half is

[Xos¢ _sing[]

AW, = gEoTL 5 —

and the average energy W, and the corresponding 3, can be calculated. Theimpulse
coefficients for the second half are

ky2 =Ky s
and

_ TOET [sing , cosg
Cm?B, U 2 o O

22
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APPENDIX |I: TRANSVERSE EMITTANCE INCREASE FROM
CHROMATIC ABERRATIONS

The focusing and defocusing forces acting on a particle passing through a magnetic
guadrupole depend on the particle's momentum p. An energy spread can, therefore, cause an
increase in the effective transverse emittance. Thisincrease can be calculated if we approximate
aquadrupole by adrift-thin lens—drift transformation. At the lens, the x'-coordinate of a
particle having a momentum p + Ap is modified by

Xt =X~k /(1+0)
where

o=4p/p ,
ke = 0B As/mycBy

andthe i and f subscripts denoteinitial and final values. The quantity k isthe impulse
coefficient for athin-lens equivaent for a quadrupole having a magnetic gradient B' and
effective length As.

The second moments of the initial and final coordinates are related by

— 2
X = X2 =2k x % /(1+8) + ki X /(1+5)”
and

XiXi =% ko /(1+0)

The averages are calculated over the volume occupied by the hyperellipsoid representing the
beam. Let xx/(5) denotethe averageof xx' a aparticular 5. Then

= [RR(E) (o)

where & isthe maximum value of & in the hyperellipsoid, and f(6) isthe density function
that satisfies
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Ef(é)dézl .

-0

If we assume a uniform ellipsoid in the x, X', d space, then

£(8) = 435 %—(5/8)25 .

Also, if we assume x and X' are uncorrelated with 9, then the effect of anonzero value of disto
reduce the space available to x and X'

Then
X =7(0)fgi§—(6/3)2§d6
= %X
and
_(5/5P00
XX /(1+9) =W(0)—3~5§ (5/5) 245

Repeating this procedure for calculating the other two averages, we find

%2 /(1+90) =?(1+ 252/7) .
and

fro) =xF{1+35%/7) .
The second moments after the thin lens are
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=X|2 ,

250l

X2 =x2 -2k %X (1+ 62/7) + k2x,2§+ 5ZD
Xi X = %X — kx?(u 252/7) .
If the original equation for X} isreplaced by
Xf =X — kx(1+ 32/7)xi ,
then the above second moments are obtained if aterm AXT2 is added to x_fz , Where
k2x,2%+ &5-(u+ 52/7)25
Theincrease in the square of the rms emittanceis

A2 = XPAXP

—  ~\2
(g

ICHROM isthe variable that turns on or off the calculation of chromatic aberrations.
ICHROM =0 turnsthe calculation off and ICHROM =1 turns the calcul ation on.
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APPENDIX J: CALCULATION OF TRANSVERSE EMITTANCES
FOR BEAM-WIDTH MEASUREMENTS AT THREE
LOCATIONS

If the width of the beam is measured at three separate locations, and if the transfer
matrices between these locations are known, then the transverse emittances and ellipse
parameters can be calculated. Let o™ denote the o-matrix at the mth measurement location,
wheremis 1, 2, or 3. The measurements define the 1,1 and 3,3 elements at each location.

The unknown quantities are 012, 022, 031, and gy, at each location. But if these quantities are
known at any of the three locations, they can be calculated at the other two locations using the
assumed known transfer matrices.

Let o1 denote the initid estimate of the o-matrix at the first measurement location, and &
denote the (unknown) correction matrix for gl. That is, the actual o-matrix at the first
measurement is o1 + 8. Because 0'111 and 0%3 are given by the measurement, the only
nonzero elements of the &-matrix are d12 (= &1), 2, 034 (= d43), and d44. Let R denote the
transfer matrix from the first to the second measurement location, and rjj be thei, jth element of
thismatrix. Then

0% =Ra'R" + ROR'

From measurements at the second location, o2 and 03, are known, giving two
equations to be satisfied by the elements of the d-matrix:
[0 ?-Ro RT]ll = 211115815 + 1205 + 2113014034 + 11204
and

[U >-Ro" RT]33 = 203yl 5p01 + 15050 + 23334034 + 15,044 -

Two similar equations exist for the beam measurements at the third location in terms of
the o1- and &-matrix elements and the transfer matrix between the first and third locations. The
elements of the &-matrix can be determined from these four linear equations.

When space-charge forces are involved, an iterative procedure must be used because the
transfer matrices depend on the beam profiles. In TRACE 3-D, the zero-current solution is
used asthe first step in the iteration. Successive steps use the previously determined ol-matrix
asthe input beam to be followed through the transport system to the measurement locations.
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APPENDIX K: NOTES ON TRACE 2-D

The original version of TRACE was two dimensional, and is documented in the
referenced report.” Thereisanew 2-D version of TRACE, patterned after TRACE 3-D, to
which the following notes apply.

1. Thetotal emittance of the equivalent K-V beam (the beam that is followed by
TRACE 2-D) in each phase planeis four times the rms emittance in that plane, and
the displayed beam envelopes are /4 - times their respective rms val ues.

2. For chromatic aberrations, the momentum spread must be input as follows:

dpop = +'4 (1000 B%p e

and, same as TRACE 3-D, ICHROM = 1 turns chromatic aberrations on, ICHROM
=0 turns chromatic aberrations off.

The new TRACE 2-D version is patterned after TRACE 3-D, with the following features:
e 5x5 R-matrix

e 5x5 o-matrix
e Easy to modify

It isespecialy useful for finding matched input for RFQs, and for designing and tuning
low-energy beam-transport systems (LEBTS). It has the following matching and optimization
capabilities:

1. Determine Matched Ellipse Parameters

MT Matched Ellipse Parameters
1 aX! BX! ay, By
2 ﬁX! ﬁy (ax:Oa ayZO)

2. Find Values of Transport Elementsto Produce Ellipse Parameters

MT Produce Specified Vaues
3 aX! ﬁX
4 ay, By

* Documentation for TRACE: An Interactive Beam-Transport Code, Los Alamos National Laboratory report
LA-10235-MS (January 1985), K.R. Crandall, D.P. Rusthoi
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5 ay, ﬁX! ay, By
TABLE K-1: TRACE 2-D
TRANSPORT ELEMENTS
Element Type Code Parameters
Drift 1 L
Thin lens 2 LY
Quadrupole 3 B, |
PMQ 4 B, I, ri, o
Solenoid 5 B, I, 1,J
Doublet 6 B, I, d
Triplet 7 B'o, lo, d, B, |
Bend 8 a, p, n
Edge 9 B, p 9 Ki Ko
Column 10 L, AW, rq, 2, B
RFQ Cll 11 Virg2, AV, L, @, type
Current Change 12 Al
Magnetic Ramp 13 By, Bz, L
Specia 14 L, - -
Rotation 15 e)

There are fewer commands for TRACE 2-D, but those that are available correspond to
those of TRACE 3-D with the exception of the "Q" command, whichin TRACE 2-D,
determines the matched input into the radial matching section of an RFQ.

TRACE 2-D and TRACE 3-D Use With RFQ Accelerators

95
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TRACE 2-D and TRACE 3-D define RFQ cells with the following parameters:

« NT(n)=11, A(1,n) =Vire2, AV, L, @, type,

e Visthe maximum intervane potentia differencein kV (vane voltage varies from
-VI2 to +V/2);

* rg2istheaverage vane displacement in mm;

e Aistheaccderation efficiency;

e Listhecdl length in mm;

*  @isthephase of the RF in degrees (typical valueis—90 at the RFQ entrance and
—40 at the RFQ exit);

* typeisoneof thefollowing:

O=standard cell, no acceleration (length = BALD.5)

1=standard cell with acceleration
2=fringefield, no acceleration

- entrance fringe fields have length = N* BALD.5, where N=6 is typical

- exit fringe fields have length <BALD.5 (the length is such that no net

energy change occurs --- typical length is 0.15*BA)
3=fringe field with acceleration

In the following example, all discussion will be about types0 and 2. Let cell ONE be
defined asthefirst cell after the end of the RFQ entrance fringefield. Let cell LAST be defined
to be the last cell before the start of the RFQ exit fringe field.

A. Procedureto Find a Matched Beam Into an RFQ

Aninput file might look like this:
A(1,1) = 100, 0.0, 25.0, 00, 20
A(1,2)= 100, 0.0, 2.50, 00, 20
A(1,3) =-10.0, 0.0, 25.0, -180.0, 2.0

Note: A(1,1) and A(1,2) have the same sign because the fringe field in this example has
length = EVEN NUMBER*0.5*3A. RFQ parametersfor al three lines come from
cell ONE (except fringe length). For this procedure, @ onlines 1 and 2 must be set
to zero. @ online 3isset in the manner described in Section 6.11.

Using TRACE 2-D, set MT =1, N1 =2, N2 = 3. Usethe"M" command until
convergence occurs. Now use the"Q" command. TRACE 2-D will print averaged values for
the Twiss parameters. These describe the matched beam at the entrance to the fringe section.
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A. Procedureto Find a Matching Section from an RFQ toaDTL

Aninput file might start like this:
A(1,101) = 100, 10.0, 25.0, -40.0, 0.0
A(1,102) =-10.0, 10.0, 25.0, -180.0, 0.0
A(1,103) = 100, 10.0, 50, -180.0, 20

Note: RFQ parametersfor all three lines come from cell LAST (except fringe length).
Theinput file would next contain quadrupoles and bunchers to make up the matching
section. Theinput file would end with elements to make up two DTL cells. These
two cells would have the acceleration turned off and use the parameters from the first
DTL cell.

Using TRACE 3-D, set MT =4, N1 =101, N2 = 102. Usethe"M" (or "N") command

until convergence occurs. Set N2 = 103, and issuethe"G". Save BEAMO in storage
position 1 (it isyour starting beam for element 104). SetMT =4 o0or 3, N1=DTL cell 1
starting position, N2 = DTL cell 2 ending position. Again, usethe "M" (or "N") command
until convergence occurs. Save this beam in storage position 2 (it is your matching sections
goal). Retrieve beam from storage position 2 and place in BEAMF.

Now retrieve beam from storage position 1 and place in BEAMI. Set N1 =104, N2 =

position just before DTL cell 1 starting position. Set MT =9 and declare six matching
variables (MP array). Usethe"M" command until convergence occurs. Y our matching
section design is now complete.

Suggestions. Matching section quads should have approximately the same spacing as the
DTL quads. Finding a matching section will be easier if your RFQ and DTL both
were designed to have similar phase advances per length (not per focusing period).
Recall aDTL cell lengthis BA, and aRFQ cell is BA/2.
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APPENDIX L: TRACE 3-D GRAPHICS

The TRACE 3-D code was originally written for a Tektronix storage scope 4014
terminal, using the PLOT 10 Tektronix Terminal Control System (TCS) Graphics package.
Only low-level graphics routines are used (viz., calls to move, draw, plot a point, output a
character string, call up the graphic cursor (crosshairs), and revert to the alphanumeric cursor.
There are sixteen PLOT10 calls: four perform terminal initialization, four function to call up
the graphic cursor crosshairs, three are rather nonessential (one rings the terminal bell, one
erases the terminal, one terminates the program), and the remaining five calls do the real work
of moving, drawing, plotting a point, outputting a character string, and reverting the cursor to
alphanumeric mode. The sixteen external graphics calls are in ten short separate subroutines at
the end of the code so that they may be easily replaced. These subroutines, along with the
external graphic callsand their functions, arelisted in Table L-1.

TABLE L-1. TRACE 3-D Graphics Subroutines

TRACE 3-D External Calls Functions

Subroutine (PLOT10 Graphics)

1. INIT cal initt (960) Initializes terminal, erases screen, a phanumeric mode
call term (3,4096) I dentifies terminal type (4014) and no. of addressable

points in screen units (x = 0-4096; y = 0-3100)

cal chrsiz (4) Sets alphanumeric character size (to smallest)
call csize (icsh,icsv) Returns value of character sizein screen units

2. POINT call pntabs(x,y) Plots a point at screen coordinates x, y

3. DRAW call drwabs(x,y) Draws aline to screen coordinates x, y

4. MOVE call movabs(x,y) Moves the alpha cursor to screen coordinates x, y

5. WRTSS call aoutst (nc,ibuf) Character string output -- outputsfirst "nc" characters

from the "ibuf" array

6. CURSOR call scursr (ich,ix,iy) Activates graphic cursor (pulls up crosshairs)
call kluge * Supporting routine (fixes abug in PLOT10)
cal home* Supporting routine (upper |eft-hand corner)
call tsend * Supporting routine (dumps output buffer)

7. ALMODE call anmode * Puts terminal in aphanumeric mode

8. ERACE cal erase* Erases screen

9. BEL call bell ** Rings the terminal's bell

10. FINISH cal finitt (x,y) * Moves cursor to given screen position and exits

11. BLOCK DATA INITG (no calls) Sets margins of plots based on PLOT10 screen units

* Unnecessary on other graphics systems ** Nonessential

Two additional callsto obtain the date and time are also placed at the end of the code for
ease of replacement in case they are system-dependent. They are nonessential calls.
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If using PLOT10, and depending on whether a machine addresses a 16-, 32-, or 64-bit
word, achange may need to be made in Subroutine WRTSS. The character text written in the
graphics areaisloaded into an integer array through an internal READ statement based on 32-
bit addressing (four charactersto an integer). An adjustment in the format of the internal
READ statement may need to be made for other word lengths as follows:

16-bit addressing:  READ (CBUF, '(20A2)') IBUF
32-bit addressing:  READ (CBUF, '(20 A4)') IBUF
64-bit addressing:  READ (CBUF, '(20 A8)') IBUF

On UNIX workstations, we provide afile of routines that completely replace the routines
inthe PLOT10 library. The new routines generate PostScript output. Graphical output is
displayed on a separate window by means of a PostScript viewer (ghostscript).

For PC and Macintosh platforms, the essential PLOT 10 calls are replaced with a
PGPLOT library (see Table L-2). The PGPLOT Graphics Subroutine Library isa FORTRAN-
callable, device-independent graphics package developed at Caltech having wide applicability.
The PGPLOT library consists of two major parts. a device-independent part, which iswritten
in portable FORTRAN-77, and a set of device-dependent "device handler" subroutines for
output on various terminals, image displays, printers, etc. PGPLOT iswritten mostly in
standard FORTRAN-77, and has been tested under avariety of platforms (UNIX, VMS), and
isavailable for anumber of other operating systemsincluding NeXTstep, DOS, Windows,
Windows/NT, Macintosh OS. The PGPLOT routines and information about PGPLOT may be
obtained from the PGPLOT Graphics Subroutine Library Website address:
http://astro.caltech.edu/~tjp/pgpl ot/.

TABLE L-2: PGPLOT Replacement Routines

TRACE 3-D External PGPLOT
Subroutine Replacement Calls
1. INIT call pgbeg
call pgenv
call pgsch
call pgqcs
2. POINT call pgpt
3. DRAW cal pgdraw
4. MOVE call pgmove
5. WRTSS call pgtext
6. CURSOR call pgcurs
call pgupdt
8. ERACE call pgeras
10. FINISH cal pgend
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APPENDIX M: SPECIAL MACINTOSH VERSION OF TRACE 3-D

PowerTrace™ and MacTrace™ are sophisticated graphical user interfaces for use with
TRACE 3-D. Theinterface isbased on the Shell for Particle Accelerator Related Codes
(S.P.A.R.C.) software technology. Problem setup and definition are accomplished
graphically.” All of the transport elements available in TRACE 3-D, aswell astheinitial and
final beam emittance (Twiss) parameters, are represented by icons on a scrollable palette. The
configuration of abeam lineis set up visually by selecting and dragging the desired iconsto a
model window. Parameter values are entered into data windows (seenin Fig. L-1) for each
element in the beam line. PowerTrace and MacTrace take care of setting up arrays and similar
bookkeeping. Thereisaminima amount of apha-numeric (keyboard) input used for setting
parameter values, and no text or command line input isrequired. Expert system rules are built
into the data input windows to assist usersin assigning parameter values.”* Theseinclude
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Fig. M-1. Sample Windows from PowerTrace

*

G. H. Gillespie and B. W. Hill, "A Graphical User Interface for TRACE 3-D Incorporating Some Expert
System Type Features." 1992 Linear Accelerator Conference Proceedings (Ottawa) AECL-10728, 787-789
(1992).

G. H. Gillespie, P. K. Van Staagen and B.W. Hill, "Knowledge Rule Base for the Beam Optics Program
TRACE 3-D." Proceedings of the 1993 Particle Accelerator Conference 1, 86-89 (1993).

* *
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options for parameter units, both fixed and scaled smart units, and limit guidelines for each
parameter. The limitsincorporate constraints imposed by TRACE 3-D and practica congtraints
derived from hardware experience. PowerTraceisfully integrated with TRACE 3-D and is
optimized for performance on all PowerPC computers running the Mac O/S. MacTraceisaso
fully integrated with TRACE 3-D and runs standalone on any Apple Macintosh computer. The
standard version of TRACE 3-D, maintained by the L os Alamos Accelerator Code Group, has
been ported to the Macintosh; the source code isincluded with both PowerTrace and MacTrace
under alicense agreement with the Los Alamos National Laboratory. Theinterface was
developed by The MACcelerator Project in Del Mar, Cdifornia
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APPENDIX N: WAKEFIELDSIN THE TRACE 3-D CODE"

Thereis a separate version of TRACE 3-D that can simulate some nonlinear effects, such
aswakefields, that are related to the variation of the beam bunch aong the longitudinal
direction. Thiswakefield code is compatible with the usual version described in thismanual in
that it will produce the same results as the usual code for problems not involving wakefields.
The two codes may be merged in the future.

In the wakefield code, the beam bunch is divided into a number of diceslongitudinally.
We describe each dice by its 6-D centroid and 6x6 a-matrix, and follow the collection of
centroids and o-matrices down the beamline. Whenever the code needs to generate output or to
compute space charge, it combines the dicesinto asingle 6-D centroid and 6x6 o-matrix.
Then it uses the existing mechanisms in the code to generate output or compute space charge.
The centroids and o-matrices of the bunch dices are transported as usual by the various
elementsin the beamline. However, space charge and the new wakefield elements get a
modified treatment. In the case of space charge, we take into account the effect of space charge
on the dice centroids. Of course, the overall centroid is not affected by space charge.
Wakefield effects are taken into account with new zero-length elements, smilar to how bend
edges are handled. The wakefield e ement parameters specify wakefield functions, which
determine forces acting on a given bunch dlice caused by dlices ahead of the given bunch dlice.
There are three wakefield elements, for monopole, dipole, and quadrupole wakefields. These
wakefield elements are user-specified elements and may easily be changed to model other
effects that depend on longitudinal position within abeam bunch. Unlike some existing
particle codes, this approach alows for the distance between bunch dices to vary throughout
the ssimulation. Thisisimportant if we want to study wakefield effects in aregime where space
charge isimportant.

* W.P. Lysenko, D.P. Rusthoi, K.C.D. Chan, G.H. Gillespie, and B.W. Hill, "Wakefields in the TRACE 3-
D Code," Proceedings of the 18th International Linac Conference held August 26-30, 1996 in Geneva,
Switzerland, and
W.P. Lysenko, D.P. Rusthoi, K.C.D. Chan, G.H. Gillespie, and B.W. Hill, "TRACE 3-D Code
Improvements,” Proceedings of the 1996 Computational Accelerator Physics Conference held September
24-27, 1996 in Williamsburg, Virginia.

TRACE 3-D Documentation 102



LA-UR-97-886

APPENDIX O: TRACE 3-D ON-LINE HELP PAGES

TRACE3D HELF: IMPUT PARAMETERS ¢Type "H" for Help, p.2>
(Enter data in MAMELIST fashion--fields separated by commas)

TRANSPORT SYSTEH:

NTC30B > -~ transport system element types

R{5,300Y - element parameters {(see HELP, p.3>

FREQ = frequency of the rf in MHz

ICHRON - chromatic aberation flag--—thin lens (if nonzero?’
POEXT - permanent gquad field extension factor (def=2.3>

BEAM CHARACTERISTICS:
BEAMItE6Y> - initial ellipse parameters (Ax,Bx,Ay,By,Az,Bz?
EMITI(3> = initial emittances in proper phase spaces
BERMCIC(B)- initial beam centroid offsets (mm, mrad>
H - kinetic energy (Hel?

ER - rast mass of beam particles (Hel?
g - chaorge of beam particles
XI - effective beam current or space charge {mA?>

SIGIC6,6%- array containing the initial sigma matrix

CONTROL PARAMETERS:

M1 - humber of starting element for trace

N2 -~ humber of final element for beam trace

SHAX - max step size{mm2» for most dynamics calc

POSMAX - max step size (mm) near PHMOs

IBS - flag telling how init sigma matrix is generated
HEL1 - Initial ellipse printout element (def=H12

MELZ2 - Final ellipse printout element (daf=Nz2)

MATCHIMG PARAMETERS:

MT - specifies type of matching desired

HNEC - number of conditions to be satisfied by matching
MPC2,62 - parameter #, element ¥, for match variables (MT=5-12>
MPECE - alternate input for mateching element #'s (MT=5-12)
MPP (B2 - alternagte input for matching parameter #'s (MT=5-12>
CHUCG ) - alternate input to Couple Matching VUariables

MUC(2,6> — indices of coupled parameters and type of coupling
BEAMF (6> - wvalues desired for ellipse parameters at M2 (MT=3-12>
DELTA - convergence criteria (def=.0001)>

IJMC2,6> - indices for R-/Sigma- matrix terms for MT=10,11

VAL (G - desired R-/Sigma- matrix values for MT=10,11

or desired phase advances for MT=14
IPLANEC3 - 1=X-X',6 2=Y-Y', 3=Z-dp/p planes for HMT=14
NIT - humber of iterations during matching (default=1@)

GRRFHIC DISPLAY:

NP1 ,NP2 - sets limits for graphic profile (initial def=NH1,N2>
xH - set limits in transverse phase-space plots (mm)
XMI,XMF - sets separate limits (initiagl,final} for XM above
XPHM - limits for transverse phase-space plots (mrad?>
XPMI,XPMF- sets separate limits (init,final> for XPHM abouve
Y¥HM - sets limit for the transverse profile plot (mm>
xc - sets limit for displaced beam center plot {mm?>
OPH - limit the longitudinal phase-space plots (deg’
ODPMI,DFMF- sets separate limits (init,final) for DPM above
DUWM - limits the longitudinal phase-space plots (Kel)
DWMI,DHMF- sets separate limits (init,final) for DWM above
oPP - limit on longitudinal phase-profile plot (degi
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HFRIN
IJPRI
PEC2@
PRCZD
NEXTR
EXTRA
CHTC(3
COMEN

"y
nge

o
nE™w
nge

wpw

MC2, 20 0-
h] -
3 -
A -

TRACE3D HELP, p.2, U539

number of
parameter
alternate
alternagte
number of

7-MAR-97 (Type "H" for Help, p.3}

parameters to print {(max=2@)>

# alement ¥, for printout values
input for printout elamant #'s
input for printout parameter #'s
extra parameters in storage space

1@ -
uJr -
T -

arroy of extra parameters printed on graph
data file comments for each element (max 8 char?l
data file comment for entire file (max 6@ char?’

COMMAMD DESCRIFTIOHNS

(ADD >
(BEAM >
C(PARMILA>
(DELETE >
CEND
(PHASE >
CGRAFPH >
(HELF >
CINPUT S

"J* (PROJECTIONS 2-

ngn
e
"l
ayn
“g-
npw
g~
nRe
ngw
R
e

e
e
uon

now

ngw

A maximum of 30@ elements of the types below,

(FERIODIC)
(ELLIPSE?
{MATCH>
CMATCH
CMISMATCH>
CFRINT
CQUERY
(R=-MATRIX»
(ERAVE >
(TRACE
CUSER>
CUARIAELEZS >
CPHI-W>
CEXCHANGE >
(HOTE >
(SIGMA>
C(MINIHELP >
CUNMATCH >
(APERTURE >
(HEWFILE?>
(CENTROID?>
(COMMENT >

TRANSFORT SYSTEM - ELEHMENT TYPES

I

ADD ELEMENTS IN EERM LINE

PRINT BERMS, BEAMS STORED IN HOLD ARRAYS
PRINT BEAM PARAMETERS IM PARHMILA UMITS
DELETE ELEHMENTS FROM BEAM LINE

TERMINATE THE FROGRAM

CALCULATE AND PRIMT PHASE ADUANCE

GRAPH BACKGROUHND & TRACE BEARM PROFILE
COMMANDS, INSTRUCTIOMS, IMPUT PARARMETERS
EMTER HEMW PARAMETERS

PLOT INIT AMD FIHMAL PROJS ON X-%, X-2Z2,
GENERATE A PERIODIC SYSTEM <(RFQ or OTL?Z
FIND EMIT ELLIPSES FROM PROFILE HMEASUREMEMTS
PERFORM MATCHING SPECIFIED BY HMT PARAMETER
MATCH AS IH “"M* WITHOUT ITERATION PRIMTOUT
CALCULATE AND PRIMNT MISMATCH FRACTORS

FRINT DRTA FILE

DISPLAY DATA FOR ONE ELEMENT

PRINT R-HMATRIX FROM LATEST RUN

SAVE DATAFILE

TRACE BEAM OVER EXISTIHMG GRAPHICS

SEARCH/SET MATCH PRRAMETER RAMGES <(MT=7,8,9>
DISPLAY UVALUES OF MATCHIMG VARIABLES

FPRINT PHASE AND EHERGY INFORMRATION

EXCHAMGE BEAM UVALUES AMD BEAM HOLD ARRAYS
WRITE HWOTE OWN OUTPUT <(MAMUAL POSITIOMIMG:
DISPLAY MODIFIED SIGHMA MATRIX

DISFPLAY ELEMEHT FARAMETER INFORMATION
RESTORE PREMATCH WARLUES

OPEN/CLOSE PROFILE/APERTURE DRTAR FILE

READ IM MEW DATA FILE

PRINT BERM CEMTROID INFORMATIOHN

DISPLAY COMHMENT WRITTEN IM DATH FILE

X-dP /P

CHT >

indicated by "HT=",

may be entered in o beamline. HNumber of parameters for each =lement
is given in parenthesis (see HELP p.3 for parameter descriptionsi:
NT= 1, DRIFT {12 NT=1@, RF GAP (5>
MT= 2, THIN LENS (3> NT=11, RFQ CELL <31
MT= 3, OQOUADRUROLE (52 MT=12, RF CRUITY (3>
MT= 4, PMO (42 MT=13, CC TANK (42>
NT= 5, SOLENGQID (2> NT=14, WIGGLER (37
NT= 6, DOUBLET (23> MT=15, ROTATE/OFFSET (43
NT= 7, TRIPLET (5> MT=18, REPEAT (1>
MT= 8, BENDIMG MAGHET (4> NT=17, UEER 1 <1
MT= 9, EDOGE AMGLE (5> NT=18&, USER 2 <12
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TRIPLET
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59 7-HAR-87 (Type "H" for Help, p.4>
DESCRIPTION OF PARAMETERS

R{1,n> - L length [mm]l

ACl,n) - Fx facal length in X [mml

ACZ,n> - Fy foacal length in % [mml
AC3,n> - Fz focal length in 2 [mml
A<l,n) - B’ magnhetic field gradient [T/m]
A{Z,n> = L .... effective length [mm]l
A{2,n) - x, phi (depends OF) max or Limit [mm or degl
A4, n) -y .... max or lLimit [mm]l
R(S,n) - OF coffset flg: O@=none l=displ 2=rot (-=rndm’
ACl,n> - B' max maghetic field gradient [T/ml
ACZ2,n> - L . physical length of PMO [mm]
A{3,n> - rC(il inner radius [mm]
A4, n3 — r(al outer radius [mml

A<l ,n> - B magnetic field [gauss]

A{Z2,n> - L effective length [mm]l

R¢<l,n> - B' magnetic field grad. tupstream? [T/ml
ACZ,nY - L effective length ¢(each? I[mml

A3, n> - d distance btw quads [mml

A{l,n>» - B'o maghetic field grad. (outer Os)> [T/ml
A2, h> - L effective length (ocuter Os> [mml
A<3,n> - d .. distance btw inner & outer quads [mml
A4, n> - B'i magnetic field grad. (inner Q2 [T/ml
A{S,n> - L effective length Cinner 03 I[mml
A¢l,n>» - Alpha angle of bend [degl

A{Z,n» - Rho radius of central trajectory [mml
A{3, N> - n field gradient index

A4 ,n3 - UF vertical flag <@=horiz.?

A¢l,n» - Betao pole-face rotation angle [degl

A{Z2,n»* - Rho radius of central trajectory [mml
A{3,n) - g total gap [mm] C(hegative if wvert. bend?
Ac4,n> - K1 fringe-field factor (def=0.45>

A(S,n) - K2 fringe-field factor (def=2.803
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TRACE3D HELFP, p.4, U39 7-MAR-97 (Type "H" for Help, p.52

ELEMENTS DESCRIPTION OF PARAMETERS <(Con't?}

10 RF GAHP ACl,n> — EoTL . effective gap voltage [HMU]
AC2,n> — PHIs . phase of rf [degl
AC3,n> = egf .. emittance growth flag (@=na growth?
Ac4,n> — dUf .. energy gain flag (@=no gain?
AtS,n> — h .... harmonic (def=1.@>

11 RFQ CELL ACl,n? - U/Rn2 max intervane pot. factor [kU/mm]l
At2,ny — AU ... prod qecel eff & max intervane U [kU]
AC3,n> = L .... cell length Imml
Ac4,mn» — PHIo . phase of rf [degl
ACS,n) — type . @,1,2,3 (@=std cell, no accel:

12 RF CRUITY A¢l,n — Eo ... average accelerating field [MU/m]
ACZ2,hy = L .... length [mm]l
A{3,n — PHIs . phase of rf [degl

13 TANRK ACl,n» — EoT .. effective acceleration gradient [MU/m]
ALZ,n>» ~ L .... length [mm]l
AC3,n) — PHId . injectionfexit phase [degl
Af4,n) — Hc ... number of identical cavities

14 HIGGLER ALl,n> - L total length of wiggler [mml
At2,n> — B .... maghetic field of magnets [gauss]
A3, n>» — g .... total magnetic gap in wiggler [mml
AC4,n> = L length of each magnet [mml
ALS,nY — = distance betwesn magnets [mml

15 ROTATEfOFFSET A{1,n» - Theta rotation angle in chosen plane [deg]
AR{2,n? — Plane 1=x-y, 2=y-z, 3=z-x (def=1)
A3 ,n» — dl ... dx for plane=1,3; dy for plane=2 [mm]l
Acd4 ,ny — d2 ... dy for plane=1 [mm]l

16 REPERT A¢l,n? — n .... sequence number of repeat element

17 USER 1 Al ,n>» = 1 ... total length of user 1 element

18 USER 2 A{l,n> - 1 .... total length of user 2 element

TRACE 3-D Documentation 106



LA-UR-97-886

TRACE3D HELP, p.5, UGB 28-MAR-97  (Tupe "H" for Help, p.13

TYPES OF MATCHING

How Specified

2 Matched Beam, Z Flane | Enter
—————————————————————————————————————————— | Match Type Only
3 Matched Beam, X,Y,Z Planes (Upright) | (BEAMI iz Varied)
|

Desired Baam | Elements to Uary
_____________________________________________________________ | mmm e 2o
3 Fitting in X Plane BERAMF¢1~2)= Ax,Bx |
e | HMPEC1)=element#
6 Fitting in ¥ Plane BERMF(1-2>= Ay,By | HPF(1l)=parameter#
————————————————————————————————————————————————————————————— | MPE(2)=element#
————————————————————————————————————————————————————————————— | HMPE{2)=element#

BEAMF(1-4)= Ax,Bx,| MNPP(3)=paramsters
AyY,By | MPE(4)=element®

------------------- | MPP{4’)=paramzter%
BEAMF(1-6)= Ax,Bx,| MPE(S)=element#

Ay,By,Az,Bz | HMPP(S)=parameter®
——————————————————— | MPE(G)=element®

IJM(2-6)= indices
of R— or S-Matrix

|

elements; VALC1-62] <HMPP defaults on 1)
I
|

|
|
|
|
|
|
|
? Fitting in 2 Plane { BEAMF(1-2)= Az,Bz | MWPP(2)=parameter#
|
|
|
|
|
|
| MPP{E »=parameter#
I
|

= corresponding

dezired values of Mo. Conditions, NC,
matrix elements Mo. Uariables, NU,
——————————————————— | set automatically
except MT=10,11,14

(BEAMI is varied?

BEAMF(1-6)>= Ax,Bx,
Ay,By,Az,Bz
14 Fitting for Specified Phase Advance
in Specified Planes

Enter IPLANE, VAL, Declare elements

and Mo. of Phase to vary as in
Planes in NC (<=32 MT=5-12 above

TO COUPLE MATCHING VARIABLES (CHU) —-—

Sample input to couple a matching variable with another element
(entered in the Input Mode, using quotes as shoun):

CHUC1 Y = 'AL,18)°
CHUC{3) = '—-A(1,24)"

couples the first matching variagble DIRECTLY with element #18, paorameter #1
and the third matching variable INUERSELY with alement #24, parameter#l
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